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Many evolutionary processes are well-studied on generational and 

macroevolutionary time scales, but much less is known about the processes 

bridging short- and long-term biotic change. This is commonly due to a lack of 

sufficiently-high-resolution fossil records over long microevolutionary time scales. 

The work presented in this thesis describes new calibrations and applications of 

planktonic foraminifera in evolutionary biology. The high-resolution fossil 

archives of planktonic foraminifera enable construction of continuous, long-term 

microevolutionary time series of large numbers (>10,000) of individuals. 

In Chapter 2 I study the repeatability of traits commonly used in studies 

describing foraminifera evolution. The results show that some traits are reliable, 

whereas others are very susceptible to small mounting-induced errors and should 

be used with caution.  

Chapter 3 deals with various representations of foraminifera body size, and 

whether these proxies remain accurate in a lineage undergoing morphological 

change. This was shown to be the case for foraminifera shell area as measured 

from a two-dimensional image, but less so for shell diameter. 

In Chapter 4 I study within- and among-population allometries during an interval 

of global climatic upheaval. When climate remains constant the within-population 

allometries predict evolutionary change from one time-step to the next. However, 

the evolutionary allometry measured across step-wise environmental change 

deviates significantly from the static evolutionary allometries. 



 

 

Changes in biodiversity are often linked to climate change, usually represented by 

global temperature. However, climate consists of many interacting variables, and 

species likely respond to the entire climate system as opposed to individual 

variables. In Chapter 5 I show that evolutionary response in two species of 

planktonic foraminifera is indeed best explained by combinations of 

environmental parameters. 

Chapter 6 presents evolutionary time series of two species of planktonic 

foraminifera from six sites along an Atlantic transect over 600,000 years. The 

results show that temporal dynamics do not match spatial variation, implying that 

care should be taken when extrapolating one population’s predicted response to 

another location.    
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Chapter 1: Introduction 

Global diversity faces an enormous challenge to deal with anthropogenic climate 

change. The recent rate of species extinctions far exceeds neutral extinction rates 

as documented from the fossil record (Barnosky et al., 2011; Wake and 

Vredenburg, 2008), even when compared to the most conservative estimates of 

past species extinction rates (Ceballos et al., 2015). This trend is expected to 

continue, with the extent of diversity decline depending on the magnitude of 

anthropogenic pressures (Maclean and Wilson, 2011; Thomas et al., 2004). 

However, large uncertainties exist within and among models trying to predict the 

extent of biodiversity loss (Araújo and New, 2007; Pereira et al., 2010; Thuiller, 

2004). The model results and uncertainties differ among species (Thuiller et al., 

2009) with varying predicted range shifts and resulting extinctions under future 

climate scenarios (Bellard et al., 2012; He and Hubbell, 2011). Combinations of  

biodiversity range and niche shift models have been reported to provide the most 

consistent results, although large error margins remain (Fukami and Wardle, 

2005; Thuiller, 2003).  

The models rely on modern species distribution and abundance data, 

using present-day species occurrence and abundance data to model species’ 

response to past (Kitchener and Dugmore, 2000; Ruegg et al., 2006) and future 

(Huntley et al., 1995; Thomas et al., 2004; Thuiller et al., 2005) climatic 

conditions. These models assume that species response to environmental change 

is constant across space and through time. However, populations are likely to 

encounter varying environmental pressures at different locations throughout the 

species’ range (Hargreaves et al., 2014), and climate is not constant over time, 

resulting in constantly changing abiotic forcing. In particular, when projected 

climate change exceeds the range of environmental variability observed in the 

dataset it is impossible to predict any non-linear species responses. Therefore, 

studies of evolutionary response to environmental change require long time 

series.  

Phanerozoic (0 - 451 Myr) species richness has been shown to covary with 

global temperature (Erwin, 2009; Mayhew et al., 2008). Cenozoic diversity 

patterns of mammals (Blois and Hadly, 2009; Figueirido et al., 2012), plants 

(Jaramillo et al., 2006; Nyman et al., 2012), insects (Nyman et al., 2012) and 

plankton (Ezard et al., 2011; Lazarus et al., 2014) correlate with the high latitude 

climate signal recorded in the δ18O composition of benthic foraminifera (Zachos et 
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al., 2001), which is widely used to represent global Cenozoic temperatures. 

Harnik et al. (2012) argued that simultaneous changes in multiple environmental 

parameters drove most Phanerozoic extinction events. These studies imply that 

global biodiversity is driven by global climate change over geological time scales.  

To understand the driving mechanisms of biodiversity over long time 

scales we need to study the factors responsible for evolution of individual species 

(Arnold et al., 2001; Erwin, 2000). Do all species respond to multivariate climate 

change in a similar way, or do individual species respond to a specific single 

parameter? To answer this question, evolutionary trajectories of individual 

species should be studied as a response to multivariate climate change.  

1.0.1  Internal trait constraints 

Empirical and model evidence has shown widely varying responses among species 

to environmental change, due to varying degrees of adaptation and dispersal 

potential (Holt, 1990; Thuiller, 2003). Genetic and phenotypic variance and 

covariance patterns in particular can greatly affect the direction of evolutionary 

change. Many traits do not evolve independently: selection on one trait can 

influence the response to selection in others (Lande, 1979; Lande and Arnold, 

1983). These constraints among traits can have large impacts on the direction of 

evolution, either facilitating evolution in the case of positive covariances 

(Gavrilets and Losos, 2009), or constraining adaptation when covariances are 

negative (Agrawal and Stinchcombe, 2009).  

From one generation to the next, the mean change in the n-dimensional 

genotype or phenotype can be predicted by the multivariate Breeder’s equation 

(Lande, 1979): 

𝒛 = 𝑮𝛽      (1) 

Here z is an n-dimensional vector representing the change in n trait means, G is 

the additive genetic variance-covariance matrix with genetic variances on the 

diagonal elements and covariances as non-diagonal elements, and β is an n-

dimensional vector consisting of directional selection gradients (Lande, 1979; 

Lande and Arnold, 1983). Repeated over many generations, the phenotype is 

expected to evolve in the direction of the dominant eigenvector of G, which has 

been defined as the line of least genetic resistance g
max 

(Schluter, 1996). On 

generational time scales species have indeed been shown to follow the direction 

of trait covariances (Bégin et al., 2003; Lande, 1979; Lande and Arnold, 1983). 
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However, given sufficient time, genes can combine in any way (Futuyma, 2010), 

potentially eroding the lines of least resistance. Hunt (2007) and Renaud et al. 

(2006) applied the concept of Schluter’s (1996) lines of least resistance to the 

fossil record, and found that speciation over macroevolutionary time scales (>1 

million years) also tended to occur in the direction of maximum phenotypic 

variation of the ancestor population.  

Unfortunately we lack robust data on how trait covariances within species 

evolve in deep time. Firmat et al. (2014) showed that within-species evolution 

followed the lines of least resistance over 600,000 years, but it is unclear how a 

changing environment would distort long-term microevolutionary patterns. This is 

best visualised by the concept of the adaptive landscape (Simpson, 1944; Wright, 

1931, 1932) which uses a two-dimensional space to represent all possible 

combinations of any two traits. The fitness of trait combinations is indicated by 

elevation contours. External perturbations acting on the population can cause the 

fitness optimum to shift, and under such a displaced optimum the population 

might be expected to move away from the initial direction of maximum genotypic 

or phenotypic variation (Estes and Arnold, 2007). Hunt (2007) showed that the 

lines of least resistance in an ostracode clade eroded after a few million years, 

and Renaud et al. (2006) found that among-species evolution departed from the 

lines of least resistance following pronounced environmental change. However, 

the sampling resolution of these studies did not allow for the analysis of 

individual species trajectories over time as a response to global environmental 

change.  

1.0.2 Response to climate change 

When quantifying the effects of environmental factors on evolutionary processes, 

the species response is generally modelled as a response to a single, supposedly 

dominant, environmental parameter representing the global climate. However, 

climate consists of many interacting variables, and species likely respond to the 

entire climate system as opposed to separate variables. Harnik et al. (2012) 

showed that biodiversity decline during most Phanerozoic extinction events was 

indeed driven by combinations of environmental factors, but it is unclear if this 

pattern also holds at the species level. Individual species could respond to all 

environmental parameters and their interactions in roughly similar ways, or 

specific species could respond to specific drivers. In either case, studying 
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evolutionary response to a single environmental driver could severely 

underestimate biotic response to global climate change. 

Additionally, different traits could respond differently to environmental 

change. Ecological traits like species distribution and abundance might be able to 

respond faster to environmental change than morphological traits, which could 

take thousands of years to adapt to a shift in the peak of the adaptive landscape 

(Bell et al., 2006). Therefore, to accurately quantify the effects of climate change 

on individual species’ evolution, multivariate morphological change should be 

studied as a response to multivariate environmental change. This approach 

requires high-resolution records of multivariate species’ evolution, as well as 

reconstructions of multiple local environmental parameters. However, due to the 

resolution of the fossil record this is rarely feasible, and no such studies exist to 

date. 

 

1.1 Planktonic foraminifera 

In this thesis, I aim to study evolutionary processes within individual species over 

microevolutionary time scales (>100,000 years), using the fossil record of 

planktonic foraminifera. This group of calcifying single-celled zooplankton build 

calcium carbonate (CaCO
3
) tests that after death rain down on the sea floor and 

accumulate in the sediment to form sequences of relatively undisturbed 

sediments that go back millions of years. The high abundance and global 

distribution of planktonic foraminifera in the world’s oceans produce a high-

resolution fossil record that is at least as complete as the best-preserved genus-

level records of macro-invertebrates (Ezard et al., 2011). As an additional 

advantage, environmental records such as temperature, ocean circulation and 

nutrient availability can be generated from the fossil medium. The preservation of 

full-body specimens, combined with the possibility to generate multiple local 

records of environmental change allows for high-resolution comparisons between 

multivariate evolution and multivariate climate change.  

1.1.1 Ecology 

Planktonic foraminifera grow to 100-1000 μm in diameter and live in the mixed 

layer and upper thermocline throughout the world’s oceans. Currently 45 

morphologically defined species exist, which are characterised by widely varying 



Chapter 1: Introduction 

5 

morphologies with different test ornamentations and chamber configurations 

(Hemleben et al., 1989). Additionally, many morphospecies have been reported to 

consist of a number of cryptic species with distinct genotypes (Darling et al., 

1999; de Vargas et al., 1999) which are suggested to have adapted to specific 

biogeographic zones (Darling and Wade, 2008).  

Most planktonic foraminifera species are omnivorous and feed on a 

combination of other zooplankton, phytoplankton, algae and sinking 

phytodetritus (Anderson et al., 1979; Hemleben et al., 1989). Several species host 

dinoflagellate or chrysophyte photosymbionts as an additional source of carbon. 

These species tend to be found in the upper mixed layer of the ocean to 

maximise the photosynthetic potential of their symbionts. Not much is known 

about species preying on planktonic foraminifera: test remains have been found 

in the gut contents of larval fishes, copepods and pteropods (Conover, 1982), but 

the frequency of predation by these species remains largely unknown.  

Planktonic foraminifera reproduce sexually, so for gametes to fuse other 

individuals of the same species need to be close by. Species density in the upper 

water column has been estimated to 0.1-10 individuals per cubic meter of sea 

water (Hemleben et al., 1989) so synchronised development would optimise the 

chance of reproduction. For several species the number of juvenile individuals has 

indeed been shown to peak shortly after the full moon, suggesting that 

reproduction occurs around the full moon, although the mechanisms that trigger 

individuals to release their gametes remain unknown (Bijma et al., 1990; Erez et 

al., 1991; Hemleben et al., 1989). However, a study from the South Atlantic 

showed that for most species, lunar periodicity in abundance could not be proven 

(Lončarić et al., 2005), and a more recent study showed that although lunar cycles 

were present in some species, a significant part of the variance in abundance was 

not explained by cyclical reproduction (Jonkers et al., 2015).  

1.1.2 Evolution 

After death, the empty foraminifera tests sink to the bottom of the ocean, where 

they are preserved in the seafloor sediment. Although planktonic foraminifera 

make up only a minor portion of the overall zooplankton biomass, they 

contribute to 30-80% of the total open ocean sedimentary calcium carbonate 

budget, depending on local dissolution and sedimentation rates (Schiebel, 2002). 

Typically, a cubic centimetre of sea floor sediment contains >1000 foraminifera 

tests. With open ocean sedimentation rates of 3-5 cm/kyr, this produces 
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continuous, high-resolution archives of foraminiferal tests over millions of years, 

enabling biostratigraphic age controls by well-defined first and last species 

occurrences, as well as detailed reconstructions of their evolutionary history. 

The phylogeny of planktonic foraminifera has recently been completely 

revised (Aze et al., 2011) and its fossil record is so complete that the chance of 

species detection of fossil planktonic foraminifera is at least as high as the 

chance of genus detection in the macro-invertebrate fossil record (Ezard et al., 

2011; Foote and Sepkoski, 1999). Planktonic foraminifera evolved from benthic 

foraminifera during the early Jurassic (Darling et al., 1997; Hart et al., 2003), but 

only two macroperforate species survived the end-Cretaceous extinction event. 

Rapid subsequent diversification resulted in a peak standing diversity of 45 

species during the middle Eocene. Another decrease in diversity occurred across 

the Eocene-Oligocene boundary, although this reduction was not as severe as the 

end-Cretaceous extinction. This time, diversity gradually increased to reach 

another peak during the early Pliocene, after which diversity declined again.          

Typically, the species surviving large extinction events or biodiversity decreases 

tend to be small generalist species with little shell ornaments, which 

subsequently give rise to more specialist species. Keeled species died out at every 

extinction event, but evolved again afterwards from unkeeled species (Norris, 

1991b), as did other morphotypes such as spherical and stellate forms. Similarly, 

species hosting photosymbionts radiated during the Paleocene and Eocene, 

declined during the Eocene-Oligocene, and re-established during the Miocene 

(Norris, 1996). These studies suggest that foraminifera diversity is indeed linked 

to environmental change. However, to understand the processes responsible for 

the observed patterns individual species’ responses to environmental change 

need to be investigated.  

Due to its high resolution the fossil record of planktonic foraminifera has 

previously been used to study the general speed of evolutionary processes in 

individual species (Arnold, 1983; Malmgren et al., 1983; Malmgren and Kennett, 

1981; Wei and Kennett, 1988), and the mechanisms behind Cope’s Law 

(increasing species’ body increases relative to their ancestors (Cope, 1887)). 

Ezard et al. (2011) used the fossil record of all Cenozoic macroperforate 

planktonic foraminifera to disentangle the relative importance of biotic and 

abiotic drivers of evolutionary change (Barnosky, 2001; Van Valen, 1973a). Biotic 

factors include interactions among species, such as resource competition and 

predation, and variation within species, whereas abiotic factors include extrinsic, 
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environmental processes. Both have been shown to be important drivers of 

evolutionary processes, although the relative importance of each was unknown 

due to the low resolution of most fossil records (Stenseth and Maynard Smith, 

1984). Benton (2009) proposed a verbal framework with different processes 

acting on different time scales: biotic interactions typically shape evolutionary 

processes on shorter (<10,000) time scales, whereas environmental factors are 

more important on longer, macroevolutionary time scales. This framework was 

tested by Ezard et al. (2011) using the fossil record of all Cenozoic planktonic 

foraminifera. They found that the interplay between biotic and abiotic drivers is 

indeed crucial to explain evolutionary change. In particular, they showed that 

speciation was mainly driven by biotic processes such as diversity dependence, 

whereas extinction events were more strongly driven by environmental change.  

Using the global benthic δ18O stack (Zachos et al., 2001) to represent 

global climate, (Ezard and Purvis, 2016; Ezard et al., 2011) showed that 

environmental change is an important driver of evolution. The benthic δ18O values 

mainly represent average global temperature and ice volume. Climate is however 

a complex system with a high degree of local variability, and many additional 

environmental factors have been proposed to influence species’ diversity (Garcia 

et al., 2014; Stigall and Saupe, 2013). Changes in nutrient availability have been 

argued to affect diversity throughout the food web (Allmon and Martin, 2014) 

causing both speciation (Marx and Uhen, 2010) and extinction events (Edgar et 

al., 2013; Wade, 2004; Wade and Pearson, 2008). Landmass configuration can 

cause isolation of terrestrial populations and alter global ocean circulation, 

influencing diversity by changes in local temperature, nutrient availability and 

water column stratification (Pearson et al., 2008; Schmidt et al., 2004b; Steeman 

et al., 2009; Wade and Pearson, 2008; Wei and Kennett, 1986). Furthermore both 

temperature and nutrient availability separately have been proposed to drive 

Cetacean and diatom diversity in the Cenozoic (Lazarus et al., 2014; Steeman et 

al., 2009). However, none of these studies have quantified the combined effects 

of multiple environmental parameters on diversity, whereas evidence from mass 

extinctions implies that large-scale evolutionary processes might be better 

explained when the multi-faceted nature of global climate change is taken into 

account (Harnik et al., 2012). Considering multiple climate drivers and their 

interactions could therefore mean a significant addition to studies of evolution. 

As the deep-sea sediments containing fossil foraminifera also yield information 

on local climate (Brassell et al., 1986; Emiliani, 1955; Nürnberg et al., 1996), the 
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fossil record of planktonic foraminifera has the potential to provide direct 

comparisons between morphological and environmental change. 

1.1.3 Climate reconstructions 

The chemical composition of fossil foraminifera tests has been extensively used 

to create high-resolution, continuous records of past climate. Emiliani (1954) first 

employed the ratio of the stable oxygen isotopes 16O and 18O (δ18O) in the test 

calcite as a proxy for environmental change: isotopic fractionation in the 

foraminiferal calcite decreases with increasing temperature, resulting in lower 

δ18O values of calcite precipitated at higher temperatures. Additionally, carbon 

isotopes in the foraminiferal calcite have been used to reflect productivity 

regimes. At the surface, lighter 12C isotopes are preferentially taken up during 

photosynthesis, leaving the surface waters enriched in heavier 13C isotopes. At 

depth, the sinking organic matter remineralises and releases light 12C isotopes to 

the deep water, resulting in lower δ13C values. Therefore, the difference in 

isotopic composition of calcite formed at surface and deep water can be used to 

reconstruct the strength of the biological pump. More recently, the use of trace 

metals incorporated in the foraminiferal calcite has been used for environmental 

reconstructions. Mg/Ca ratios in the foraminiferal tests reflect the sea surface 

temperature at the time the test was formed (Nürnberg et al., 1996), Cd/Ca ratios 

reflect the distribution of nutrients in the water column (Rosenthal et al., 1997) 

and Neodymium isotopes in the Fe-Mn oxyhydoride coatings on foraminifera tests 

formed during burial are used to reconstruct past ocean circulation by assessing 

the origin of water masses bathing a site at the time of their deposition (Vance 

and Burton, 1999). 

The records generated from foraminiferal calcite have been used to 

reconstruct long-term climate records of important periods in the development of 

the Earth’s climate system. For instance, benthic foraminiferal δ18O stacks 

spanning the Cenozoic (also called the ‘Zachos-curve’, (Zachos et al., 2001; 

Zachos et al., 2008)) and late Neogene (Lisiecki and Raymo, 2005) have revealed 

climate variability operating on multiple time scales, including gradual, long-term 

(105 – 107 years) warming and cooling trends, cyclic patterns driven by orbital 

processes lasting 104 – 106 years such as the onset of Northern Hemisphere 

glaciation (Mudelsee and Raymo, 2005) and rapid transient events lasting 103 - 

104 years such as the Paleocene-Eocene Thermal Maximum (Zachos et al., 2008).  
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1.2 Environmental settings 

Global temperatures have been gradually declining since the Middle Eocene 

Climatic Optimum (Zachos et al., 2001), likely due to increased silicate 

weathering which reduced atmospheric CO
2
 (Pagani et al., 2011; Ruddiman and 

Kutzbach, 1989). Antarctic ice caps first started to develop during the Late 

Eocene (Ehrmann, 1998) but East Antarctica only became fully glaciated during 

the Eocene-Oligocene boundary at ~33.7 Ma (Coxall et al., 2005). The presence of 

sea-ice diatoms indicate the periodic sea ice from ~47 Ma onwards (Stickley et al., 

2009), and records of ice rafted debris (IRD) deposition proximal to Greenland 

indicate that (small) ice caps existed on this continent between ~40-33 Myr ago. 

Atmospheric CO
2
 concentrations were, however, still too high (>> 280 µatm) 

during this time for permanent, large-scale ice sheets to develop in the Northern 

Hemisphere (DeConto et al., 2008). The Antarctic ice sheet expanded periodically 

during the Oligocene and Miocene, and particularly so around 23.1 Ma in an 

event known as Mi-1 (Liebrand et al., 2011). This interval was characterised by a 

200-kyr interval of low amplitude variability in obliquity combined with minimum 

precessional forcing, that may have also favoured ice sheet growth in the 

Northern Hemisphere. The onset of major Northern Hemisphere glaciation 

however did not occur until the Late Pliocene (Mudelsee and Raymo, 2005). The 

first IRD pulses from the Greenland ice sheet were observed around 3.3 Ma 

(Jansen et al., 2000), followed by major IRD fluxes starting at Marine Isotope 

Stage (MIS) G6 (2.72 Ma) from  marine-based Greenland and European ice sheets, 

and MIS G2 (2.64 Ma) from the North American ice sheet (Bailey et al., 2013). 

Atmospheric CO
2
 concentrations first fell below the 275 µatm threshold proposed 

by DeConto et al. (2008) for full scale Northern Hemisphere glaciation at ~2.8 Ma 

(Martínez-Botí et al., 2015). From this time Northern Hemisphere ice sheets grew 

periodically and linearly in accordance to  41-kyr variations in Earth’s orbital 

obliquity (Ruggieri et al., 2009). These cycles continued to dominate the pacing of 

glacial-interglacial cycles until ~1 Ma ago, when during the Mid Pleistocene 

Transition, Earth’s climate system transitioned to a state that was dominated by 

quasi-100-kyr glacial-interglacial cycles that persist until today (McClymont et al., 

2013). 

Global ocean circulation influences meridional heat and moisture 

transport. It has therefore always been tempting to implicate changes in ocean 

circulation that increase moisture flux to the high latitude a mechanism for 

Cenozoic ice-sheet expansion. Indeed, the closure of the Central American 
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Seaway (CAS) during the late Neogene has been proposed to have had a major 

influence on Meridional Overturning Circulation (MOC) (Keigwin, 1982) and on 

Northern Hemisphere glaciation (Bartoli et al., 2005; Haug and Tiedemann, 1998). 

The timing of the CAS closure (Molnar, 2008, 2017; Montes et al., 2015; O’Dea et 

al., 2016), its impact on MOC (Bell et al., 2015; Karas et al., 2017a; Karas et al., 

2017b) and whether any increase in moisture flux to the high northern latitudes 

would have driven glaciation in any case (Lunt et al., 2008) are controversial. 

Nevertheless, its proposed closure from ~4.6 Ma, has been suggested to have 

preconditioned the Northern Hemisphere ice sheet growth (Haug and Tiedemann, 

1998). Alternatively, hypothesised ‘final stages’ of CAS closure between ~3-2.5 

Ma ago, and a subsequent strengthening of MOC, are also thought to have been 

important in driving ice-sheet growth in the Northern Hemisphere during the late 

Pliocene (Bartoli et al., 2005; Haug et al., 2001). State-of-the-art coupled climate-

ice-sheet models indicate, however, that it is ice-sheet summer melt and not ice-

accumulation that drives positive ice-sheet mass balance (DeConto et al., 2008) 

and evidence for any spin-up in MOC during the intensification of Northern 

Hemisphere glaciation (iNHG) has yet to be found (e.g. Lang et al., 2016).  

Instead, a lowering of atmospheric CO
2
 is the most likely candidate to have 

driven orbitally-paced glacial expansions during the late Neogene through several 

feedback mechanisms. Since MIS G6, increased ocean stratification has been 

observed at both Northern and Southern high latitudes (Haug et al., 1999; Sigman 

et al., 2004; Woodard et al., 2014). Water column stratification reduces exchange 

between deep water masses and the atmosphere, and prevents CO
2
 from 

remineralised organic matter to reach the atmosphere. Additionally, increased ice 

cover in the Southern Ocean has been suggested to further reduce ocean-

atmosphere gas exchange, increase CO
2
 storage in deep water masses and lower 

atmospheric CO
2
 (Hillenbrand and Cortese, 2006). A recent study by Lang et al. 

(2016) showed that southern sourced water extended into the North Atlantic 

during prominent glacials from MIS G6 onwards, and may have helped to amplify 

glacial cycles on orbital timescales through increased deep water CO
2
 storage. 

However, no secular change in North Atlantic water mass structure was observed 

during 3.3-2.4 Ma, implying that changes in Atlantic Ocean circulation likely acted 

as a positive feedback on glaciation, rather than a driving mechanism at this time.  

The reorganisation of global climate during iNHG provides an opportunity 

to study biotic response to multiple changing environmental factors 

simultaneously. Planktonic foraminifera prefer specific temperature ranges 
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(Lombard et al., 2011; Lombard et al., 2009), productivity regimes (Hemleben et 

al., 1989), and ocean pH ranges (Hemleben et al., 1989) among others. 

Therefore, environmental change related to iNHG enables comparisons of single 

species’ evolutionary trajectories to multivariate environmental change. 

1.2.1 Biotic response 

The intensification of Northern Hemisphere glaciation provides an interesting 

setting to study biotic response to environmental change, as it marks both a 

secular change to lower temperatures and atmospheric CO
2 
levels, as well as the 

onset of cyclical glacial-interglacial environmental change. Biotic responses to 

these changing conditions have been observed across all trophic levels. Increased 

turnover rates have been reported for South American (Tonni et al., 1992) and 

African mammals (Vrba, 1995), although neither were as severe as late 

Pleistocene mammal extinctions. Temperate tree diversity declined steeply in 

Europe as a result of lower temperatures, but not in North America and eastern 

Asia (Svenning, 2003). Bivalve populations were decimated in the Mediterranean, 

west Atlantic and North Sea due to decreasing temperatures (Raffi et al., 1985; 

Stanley, 1986) and Caribbean reef corals declined in abundance (Budd et al., 

1996). In the Indian Ocean, benthic foraminifera diversity decreased, likely due to 

changes in deep water circulation as result of increased glaciation (Kawagata et 

al., 2006). Most of these extinction events only occurred locally, implying that 

environmental change associated with the intensification of Northern Hemisphere 

glaciation did not result in a major global extinction event. 

Similarly, planktonic foraminifera diversity decreased during the Pliocene 

and Pleistocene (Wei and Kennett, 1986). No sudden extinction events have been 

reported, but the subsequent extinctions of 14 species gradually lowered 

foraminiferal diversity (Aze et al., 2011). All but one of the species in the genus 

Menardella survived into the Pleistocene (Chaisson, 2003). Preceding their 

extinction the abundance of several Menardella species decreased, and others 

migrated to shallower depths during the expansion of Northern Hemisphere ice 

sheets (Pfuhl and Shackleton, 2004). Similarly, Globoturborotalia nepenthes, 

Globoturborotalia bolli and Dentoglobigerina altispira have been reported to 

retreat to lower latitudes as a result of lowering sea surface temperatures, 

followed by diachronous population extinctions with latitude (Jenkins, 1992). Wei 

(1994a) proposed that increased water column stratification due to changes in 

global ocean circulation restricted the habitat of Globoconella puncticulata 
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directly preceding its extinction. Interestingly, he also noted that the trait 

combinations necessary for the species to adapt to the environmental changes 

were unlikely to happen due to internal trait constraints: decreasing test size and 

roundness (i.e. more rectangular tests) would have been beneficial for the species 

to counteract changes in water column stratification by decreasing its settling 

velocity, but these two traits covaried inversely, implying that it would have been 

difficult for both to decrease at the same time (Wei, 1994a). These results imply 

that comparing trait variance and covariance directly to regional environmental 

change can shed new light on the driving mechanisms behind extinction. 

 

1.3 Research objectives 

In this thesis, I will study the evolutionary responses of G. puncticulata and the 

surviving, ecologically similar species Truncorotalia crassaformis to the 

intensification of Northern Hemisphere glaciation. I use populations from the 

North Atlantic Ocean: the iNHG is best recorded at the Northern Hemisphere, and 

generally foraminifera are better preserved in the Atlantic than in the Pacific due 

to the Pacific’s deeper depth and dissolution of CaCO
3

2 material at the sea floor. 

The approaches presented here to study high-resolution evolutionary change over 

long time scales require a large (>10,000 individuals) dataset. To enable this, I 

first developed a high-throughput method to automatically analyse multiple 

foraminifera shells (see section 1.4), and tested it for repeatability (Chapter 2) 

and accuracy (Chapter 3). When the reliability of the results was established, trait 

variance, covariance and response to environmental change could be quantified. 

This thesis comprises three main research objectives: 

 

1. How do trait constraints shape within-species evolution during 

intervals of pronounced environmental change? 

Trait constraints can have profound effects on a species’ potential to adapt 

to a changing environment. Here, using 12,633 individuals of two species 

of planktonic foraminifera, I study the consistency of lines of least 

resistance (Schluter, 1996) during the most recent great climate transitions 

on Earth (Mudelsee and Raymo, 2005): the intensification of Northern 

Hemisphere glaciation. I focus on a special case of trait covariance: the 

allometry between shell size and shape. Allometries describe covariations 
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of given traits with body size according to a power relationship (Huxley, 

1932). They are considered exemplary lines of least evolutionary resistance 

because allometric constraints imply that internal growth regulators 

restrict trait evolution (Pélabon et al., 2014).  

 

2. How does multivariate climate change affect species evolution? 

Changes in biodiversity are often linked to climate change, usually 

represented by global temperature. A global environmental driving 

mechanism of biodiversity is implied by the strong correlation between the 

Cenozoic diversity patterns of a wide variety of fauna and flora and 

changes in global climate as recorded by the oxygen isotope composition 

of benthic foraminifera. Yet climate consists of many interacting variables, 

and species likely respond to the entire climate system as opposed to 

individual variables. Here, both ecological and morphological traits of 

12,629 individuals of two species of planktonic foraminifera will be used 

with similar ecologies but contrasting evolutionary outcomes. Many 

different environmental factors have been proposed to influence the 

evolution of foraminifera, such as sea surface temperature (Edgar et al., 

2013; Wade and Pearson, 2008), productivity (Wade, 2004) and ocean 

stratification (Wade and Pearson, 2008; Wei and Kennett, 1986). However, 

none of these studies analysed the evolutionary impacts of the interplay of 

multiple climate drivers, as implicated in mass extinction events (Harnik et 

al., 2012).   

 

3. How do species responses vary across space and through time? 

Spatial species variation and distribution patterns are often used to predict 

temporal change. Methods such as bioclimatic and species diversity 

models (reviewed in (Guisan and Zimmermann, 2000)) use present-day 

species occurrence and abundance data to model species’ response to past 

(Kitchener and Dugmore, 2000; Ruegg et al., 2006) and future (Huntley et 

al., 1995; Thomas et al., 2004; Thuiller et al., 2005) climatic conditions. 

These models assume that species response to environmental change is 

consistent across space and through time. However, populations are likely 

to encounter varying biotic and abiotic pressures at different locations 

throughout the species’ range. Here, I have constructed a dataset 

consisting of 29,438 individuals (the largest single-study microfossil 

dataset to date) to study populations’ responses across latitudes and 
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compare within- and among population trait covariation patterns as well as 

response to local environmental change, to investigate whether spatial 

species variation predicts temporal change. 

 

1.4 Methods 

1.4.1 Study species 

To study evolutionary responses to climate change through time and across 

space, study species should be highly abundant in the fossil record to allow for 

high-resolution morphological reconstructions, and be widely distributed to 

enable comparisons of biotic response across a wide variety of environmental 

settings. Ideally, the species’ stratigraphical range should include time intervals 

characterised by profound environmental change to capture the full range of 

(non-linear) biotic responses to abiotic drivers. Globoconella puncticulata (Figure 

1.1a) is a globally distributed thermocline-dwelling species that originated around 

4.7 Ma and became extinct at 2.4 Ma (Wei, 1994b), shortly after the 

intensification of Northern Hemisphere glaciation (iNHG). Its extinction has been 

linked to iNHG (Chapman et al., 1998; Scott et al., 2007; Wei, 1994a), implying a 

high sensitivity to environmental change related to increased glacial intensity. 

Therefore, this species provides an excellent opportunity to study morphological 

response to global climate upheaval preceding extinction. Truncorotalia 

crassaformis (Figure 1.1b), another thermocline-dwelling species originated 

around 5.7 Ma but survived iNHG and is still alive today. Its morphological 

similarity and comparable distribution and depth habitat in thermocline waters to 

G. puncticulata (Aze et al., 2011; Kennett and Srinivasan, 1983) enable 

comparisons of biotic response to abiotic change under contrasting evolutionary 

scenarios. 

a b c

d e f 
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Figure 1.1  Study species Globoconella puncticulata (a) and Truncorotalia 

crassaformis (b). The white bars represent 100 µm. 
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1.4.2 Study sites 

To enable high-resolution reconstructions of morphological change over time, 

well-preserved fossil samples are required to allow for analysis of complete 

foraminifera tests. Additionally, study sites should be characterised by high and 

consistent sedimentation rates to allow for sufficient spacing between samples to 

avoid time averaging by bioturbation between consecutive samples, and existing 

orbitally resolved age models are required for each site to enable comparisons of 

biotic change among populations. IODP Site U1313 (Figure 1.2) meets all these 

criteria. Its high sedimentation rates and excellent preservation of fossil 

foraminifera tests allows for high-resolution morphological reconstructions and is 

here used to study the evolution of trait covariations during the last great climate 

transition on Earth: the intensification of Northern Hemisphere glaciation (iNHG) 

(Chapter 4). Furthermore, existing site-specific reconstructions of sea surface 

temperature, productivity and nutrient sources allow for direct comparisons 

between morphology and multivariate environmental change (Chapter 5). Finally, 

five additional sites over a latitudinal Atlantic transect (ODP Sites 606, 659, 925 

and 981 and IODP Site 1264, see (Table 1.1) were analysed to study the 

consistency of biotic response among populations under different environmental 

settings through time and across space (Chapter 6).  

 

Table 1.1  Sampling specifics for all studied sites 

 

Site Latitude Longitude Average 

sed. rate 

(cm/kyr) 

Sample 

resolution 

(cm) 

Average 

time 

resolution 

(kyr) 

Sample 

width 

(cm) 

Average 

time in 

sample 

(kyr) 

Sample 

volume 

(cc) 

981 55.48 -14.65 9.29 25 12.6 1.5 0.16 20 

U1313 41.00 -32.96 4.69 30 6.4 2 0.43 20 

606 37.34 -35.50 3.05 15 5.0 1.5 0.49 20 

659 18.08 -21.03 2.90 15 4.9 2 0.69 10 

925 4.20 -43.49 2.85 15 5.2 2 0.70 10 

1264 -28.53 2.85 0.90 15 18.3 1 1.10 10 
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All sites were sampled from cores stored at the Bremen Core Repository 

(BCR), except for Sites 1264 and U1313, for which I used a subset of the samples 

used by Bell et al. (2014) and Bolton et al. (2010) respectively. Depending on site-

specific sedimentation rates samples were taken at 15-30 cm intervals, resulting 

in time resolutions of 5-10 kyr for Site U1313, and 10-20 kyr for the other sites 

(Table1.1). Where possible cores were sampled using 2 cm-wide plastic scoops. In 

several cases however the sediment was too dry for the scoops to penetrate, and 

1.5-cm slices were taken instead. Samples were washed using deionised water 

and sieved over a 63-μm mesh sieve. The residues were dried in an oven set to 

50 °C and stored in glass jars. 

Figure 1.2  Position of all six study sites and major ocean currents in the 

Atlantic Ocean 
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1.4.3 Analysis 

Foraminifera specimens were picked from the samples’ >150 μm size fraction to 

exclude juvenile individuals from analysis. To capture the full extent of 

morphological variability within each species over time, 50-150 individuals were 

picked per species per sample. Samples were split into smaller fractions using a 

microsplitter, which prevents size bias within single fractions, until a single split 

contained the target number of specimens of either species. All individuals 

present were picked from the split to avoid size bias in the picked specimens. To 

calculate the total number of individuals present in the sample, the number of 

individuals in the split was multiplied by the split fraction, and total abundance 

was calculated as number of individuals per gram course fraction of the sediment 

per 1000 years. 

 

Foraminifera were imaged using a Lumenera Infinity 3 camera attached to an 

Olympus SZX10 light microscope. Specimens were imaged in side view to capture 

the aperture and degree of chamber inflation. Images were analysed using Image 

Pro Premier 9.2, which separates objects from their background using a threshold 

brightness level. Therefore, to accurately analyse foraminifera tests they need to 

be clearly identifiable from the media they are mounted on. To ensure optimum 

specimen detection two different types of slides and three different adhesives 

were tested (see also Chapter 2). Gridded cardboard slides allow for easy 

a 

f e d 

c b 

Figure 1.3  Foraminifera tests mounted on cardboard (a-c) and glass (d-f) 

slides using Pritt stick (a,d), transparent particle glue (b,e) and 

transparent double-sided tape (c,f). Blue outlines indicate the tests 

as recognised by the Image Pro Premier software. 
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specimen identification with one individual per numbered square, however small 

white background imperfections could result in parts of the cardboard being 

analysed as belonging to the foraminifera test. Transparent glass slides provide a 

homogenous dark background when illuminated from above, but specimens are 

harder to attach to the smooth surface. Pritt stick is easy to apply on both types 

of slides but leaves opaque strands of glue that could be identified as part of the 

foraminifera test; transparent particle glue which leaves less traces but dries out 

quickly, giving little time to mount tests; and transparent double-sided sticky tape 

which is easy to apply and does not dry out quickly, but small imperfections in 

the tape could compromise measurement accuracy similar to the cardboard 

slides. Both types of slides were tested using all three adhesives to find the best 

slide-adhesive combination (Figure 1.3). 

As expected, the glass slides provide a darker background in the images than 

the cardboard slides, which appear dark grey when exposed to the microscope’s 

high light intensity (Figure 1.3a-c). On the cardboard slides there were several 

cases where the image analysis software could not distinguish between 

foraminifera tests and white strands in the cardboard (Figure 1.3b,c). Of the three 

tested adhesives Pritt stick left most traces, with white glue strands occasionally 

being analysed as part of the foraminifera tests (Figure 1.3d). Both the particle 

glue and the double-sided tape left little to no traces (Figure 1.3b,c,e,f), however 

the glue did not stick well to the glass slides whereas the tape was easy to apply 

and did not dry out, providing an easy medium to orient tests in the desired 

position. Therefore, the combination of glass slides and double-sided tape was 

chosen to mount and analyse foraminifera tests on.  

Traits on individual foraminifera tests were automatically measured from the 

outline generated by the Image Pro Premier software, which provides a wide 

range of measures to describe object size and shape. As the tests were manually 

mounted in side view, small orientation errors could influence the measurements. 

Prior to analyses, I tested the effects of manually induced orientation errors on 

four widely used measures of test size and shape: area, aspect ratio (the height: 

width ratio), perimeter and roundness (π*perimeter2/area).	 I found that	both test 

area and aspect ratio are repeatable measures of test size and shape, whereas 

roundness and perimeter were not repeatable for the species studied here 

(Chapter 2). Additionally, I checked whether test area as measured from a two-

dimensional representation is a reliable proxy for test volume for different test 

shapes and sizes, and found this to be the case (Chapter 3).  
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Chapter 2: Calibration of the repeatability of 

foraminiferal test size and shape measures 

with recommendations for future use 

 

This chapter is a reproduction of an article published in Marine 

Micropaleontology: Brombacher, A., Wilson, P.A., Ezard, T.H.G. (2017), 

Recommendations of foraminiferal test size and shape measures based on 

repeatability. Marine Micropaleontology, 133, 21-27. 

 

2.1 Abstract 

The fossil record of planktonic foraminifera is ideally suited to defining 

stratigraphic age controls and exploring fundamental questions in evolutionary 

biology due to its excellent preservation potential that yields continuous, high-

resolution fossil archives of large numbers of individuals. For full morphometric 

analyses foraminifera tests are generally mounted, oriented and imaged 

manually, while data are processed using standard software such as ImageJ or 

Image Pro. However, manually induced orientation errors are a source of potential 

bias in trait measurements even when quantified using the same computational 

subroutine. Here I test the repeatability of four measures of foraminiferal test 

shape on six morphologically distinct species and present a calibration (power 

analysis) of the number of individuals needed to determine a given percentage 

change in these traits. I mounted and measured every individual twice and 

analysed the difference between the two measurements to determine the effects 

of small orientation changes on the studied traits. I show that measurements of 

test area and aspect ratio are statistically indistinguishable between runs for all 

species studied, and a power law calibration suggests that between 25 and 50 

individuals are needed to detect at least a 10% in- or decrease in either trait. 

However, despite mounting tests on glass slides to clarify perimeter outlines, test 

perimeter was only repeatable in the spherical species Orbulina universa, and 

test roundness was not repeatable for three out of six studied species. These 
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results recommend the use of lengths and avoidance of perimeters and their 

dependent metrics to reduce orientation induced bias.  

 

2.2 Introduction 

The planktonic foraminifera bequeath one of the most complete fossil records 

known to science. The accumulation in deep sea sediments of well-preserved 

shells of vast numbers of individuals make the planktonic foraminiferal fossil 

record uniquely suited for both biostratigraphic age controls (Berggren et al., 

1995b; Blow, 1969; Bolli et al., 1989; Wade et al., 2011), and for answering 

fundamental questions in evolutionary biology (e.g. Alizon et al., 2008; Ezard et 

al., 2011; Hull and Norris, 2009; Norris, 1991a; Wei and Kennett, 1988). The 

preservation of complete specimens allows for the construction of multivariate 

trait datasets, which can be used to distinguish between species in a quantitative 

manner and pinpoint the exact timing of speciation and extinction (Aze et al., 

2011; Pearson and Ezard, 2014; Wei, 1994b), and allow for high-resolution 

reconstructions of species’ evolutionary trajectories over millions of years (Kucera 

and Malmgren, 1998; Pearson et al., 2014; Wade and Olsson, 2009). 

The reliability of morphometric records depends on the precision with which 

individual traits can be measured. A good measurement system allows for rapid 

processing, is repeatable between runs and produces reliable results. Planktonic 

foraminifera are most often measured from two-dimensional images taken by a 

camera attached to a microscope with individual tests mounted in a given 

orientation, and trait measurements are extracted from the image’s 2D test 

representation. This set up has the potential to introduce bias in two main ways: 

manually measuring traits on the imaged specimens involves subjectivity, and 

hand mounting of individual specimens introduces error in the orientation of the 

tests. The first issue can be addressed using automated specimen detection and 

trait measurements with fixed magnification and light intensity, which reduces 

subjective human input. Measurement biases induced by mounting errors can be 

reduced by mounting tests on a rotatable hemispherical stage which is manually 

adjusted to fine-tune specimen orientation prior to imaging (Knappertsbusch, 

2007; Knappertsbusch et al., 2009; MacLeod and Carter, 1984; Pearson and 

Ezard, 2014). However, specimen adjustment in this setup still relies on 

subjective human input, and the time-consuming nature of adjusting, imaging 
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and analysing each individual separately makes this approach suboptimal for 

large (>10,000 specimens) datasets that are increasingly produced (Brombacher 

et al.; Hsiang et al., 2016; Knappertsbusch, 2000; Malmgren and Kennett, 1981; 

Pearson and Ezard, 2014). I focus, therefore, on hand-mounted individuals using 

a fixed stage, but the effects of mounting errors need to be estimated by 

repeatedly mounting, measuring, remounting and re-measuring individual tests. 

Here I test the repeatability of four measures of foraminifera test size and 

shape: test area, perimeter, aspect ratio and roundness. Test area represents the 

individual’s body size, an ecologically important trait (Hecht, 1976b; Schmidt et 

al., 2004a) that is easy to measure and a useful first estimate to distinguish 

between species. Test perimeter is often used in multivariate morphometric 

studies to assign the position of landmarks (Biolzi, 1991; Wei, 1994b; Wei and 

Kennett, 1988). Aspect ratio and roundness are two measures of test shape, 

further enabling species identification as well as quantifying the test area-to-

volume ratio, an important measure in terms of metabolic processes. Both 

metrics are routinely generated by popular software such as ImageJ or Image Pro. 

Together, these four traits form an important part of describing planktonic 

foraminifera morphologies. Therefore, quantifying their precision is crucial to the 

task of interpreting species morphometric records for both biostratigraphic and 

evolutionary purposes. 

 

2.3 Material and Methods 

2.3.1 Study species 

Here I present repeated measurements on the tests of six species of planktonic 

foraminifera with distinct shell morphologies. All taxonomic descriptions given 

here are from Kennett and Srinivasan (1983) and references therein. 

Orbulina universa (Figure 2.1a). The adult stage consists of a single spherical 

final chamber enveloping the earlier part of the test. In this study only adult tests 

are used. 

Globoconella inflata (Figure 2.1b). Low trochospiral tests with a broadly rounded 

axial periphery and an extraumbilical-umbilical aperture. Chambers more inflated 

on the umbilical side than the spiral side and increase slowly in size as added. 
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Globoconella puncticulata (Figure 2.1c). Low trochospiral tests with a flattened 

spiral side, highly vaulted umbilical side and bluntly rounded axial periphery. 

Chambers are angular and increase slowly in size as added. The extraumbilical-

umbilical aperture is a high interiomarginal arch. 

 

 

Figure 2.1  SEM images of a) Orbulina universa, b) Globoconella inflata, c) 

Globoconella puncticulata, d) Truncorotalia crassaformis, e) 

Globigerinella siphonifera and f) Globorotalia tumida. Scale bars 

represent 100 µm.	

 

Truncorotalia crassaformis (Figure 2.1d). Low trochospiral tests with a flat spiral 

side, strongly convex umbilical side and planoconvex, subacute axial periphery. 

Chambers are compressed and increase rapidly in size as added. The 

extraumbilical-umbilical aperture is a low-arched slit bordered by a lip. 

Globigerinella siphonifera (Figure 2.1e). Adult tests are evolute and planispiral, 

with a rounded axial periphery and a wide arched interiomarginal aperture. 

Chambers are globular and increase rapidly in size as added.  

Globorotalia tumida (Figure 2.1f). Tests are trochospiral and convex, with the 

spiral side more convex than the umbilical side and a narrow extraumbilical-

umbilical aperture. The axial periphery is acute with a heavy keel. The chambers 

are wedge-shaped and increase rapidly in size as added. The extraumbilical-

umbilical aperture is covered by a plate-like lip. 
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2.3.2 Analysis 

Specimens of O. universa, G. siphonifera and G. tumida were picked from a box 

core sample collected by the GLObal Warming (GLOW) cruise at station GLOW 5 (-

8.9 °N, 41.5 ‘W). Individuals of G. inflata, G. puncticulata and T. crassaformis 

were collected from IODP Site U1313 (Leg 306, 41 °N, 32.5 ‘W, see Figure 1.2). G. 

puncticulata and T. crassaformis were picked from sample 306-U1313C-12H-4, 

22-24 cm and specimens of G. inflata were picked from sample 306-U1313B-10H-

4, 45-47 cm.  

 

 

Figure 2.2  Foraminifera tests mounted on cardboard (a-c) and glass (d-f) slides 

using Pritt stick (a,d), transparent particle glue (b,f) and transparent 

double-sided tape. White dotted outlines indicate the tests as 

recognised by the Image Pro Premier software. Blue outlines indicate 

background imperfections also picked up by the software. Object 

recognition was best using foraminifera mounted on glass slides 

using double sided tape (f) and therefore this setup was used here 

to test trait repeatability.	
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I picked and mounted the first 100 specimens encountered of each species. 

To minimise measurement errors from background imperfections two types of 

slides were tested using three different adhesives to find the most homogenous 

background. Gridded cardboard slides allow for easy specimen identification with 

one individual per numbered square, however small white background 

imperfections in the cardboard result in parts of the cardboard slide being 

mistakenly identified as belonging to the foraminifera test (Figure 2.2a-c). 

Transparent glass slides provide a homogenous dark background when 

illuminated from above (Figure 2.2d-f). Pritt stick is easy to apply on both types of 

slides but leaves opaque strands of glue that are identified as part of the 

foraminifera test (Figure 2.2a,d); transparent particle glue leaves less traces but 

dries out quickly, allowing too little time to mount tests carefully (Figure 2.2b,e). 

Transparent double-sided sticky tape is easy to apply and does not dry out so 

quickly (Figure 2.2f). Therefore, tests were mounted on glass slides using 

transparent double-sided tape (Figure 2.2f).  

Individuals were oriented in side view on a fixed stage. This orientation 

generally provides the best view of the test aperture and related, ecologically 

relevant landmarks and is often used in morphometric analyses of planktonic 

foraminifera (Knappertsbusch, 2007; Kucera and Malmgren, 1998; Lohmann and 

Malmgren, 1983; Pearson and Ezard, 2014; Wei, 1994b). However, depending on 

the acuteness of the axial periphery this is also the least stable position, which 

potentially increases measurement errors because the test sits obliquely on the 

slide and more or less of the perimeter is visible. Tests were imaged with fixed 

light intensity and camera exposure time using an Infinity 3 Lumenera camera 

mounted on an Olympus SZX10 light microscope, with illumination from above. 

Test area, aspect ratio (ratio between maximum test height and width), perimeter 

length and roundness (π*Perimeter2/Area)	were extracted from the images using 

an automated image analysis macro in the Image Pro Premier software. 

Individuals were mounted, measured, carefully removed from the slides to avoid 

damaging the test, and remounted and re-measured once to provide an upper 

bound on trait repeatability.  

Here I study the differences between the first and second measurements of 

a given trait on the same individuals. Measurements of the first and second run 

are plotted in Figure 2.3 using continuous frequency distributions analogous to 

histograms (kernel density estimates with a guassian kernel and bandwidth h = 

1.06*sn-1/5 following Silverman (1986), with s the standard deviation of trait  
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Figure 2.3  Kernel density plots of first (red) and second (blue) set of 

morphometric measurements on Orbulina universa, Globoconella 

inflata, Globoconella puncticulata, Truncorotalia crassaformis, 

Globigerinella siphonifera and Globorotalia tumida. Rug plots on the 

horizontal axes indicate individual data points. 
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measurements per species and n the number of analysed individuals). To 

determine which traits are repeatable in which species a Wilcoxon signed-rank 

test was performed in R (R Core Team, 2013), which is a non-parametric test that 

compares repeated measurements on a single sample to assess whether their 

mean ranks differ. If the first and second runs are statistically similar the 

measurement differences within individuals are expected to be centred around 0 

and show little error. Differences significantly deviating from 0 indicate a 

systematic offset between measurements in the first and second run, implying 

high sensitivity to small differences in test orientation and low trait repeatability. 

 

Figure 2.4  Barplots of the difference between repeated measurements on a) 

area, b) perimeter, c) aspect ratio and d) roundness on the same 

individual (paired difference) expressed as percentage of the 

individual’s trait mean. p-values of the Wilcoxon signed-rank test 

performed on subsequent measurements on the same individuals 

are given for every species, with p-values smaller than 0.01 

indicating significant differences between runs shown in red. 
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If a trait is shown to be repeatable, I determine the number of individuals 

required to reliably detect a change in a given trait using power analysis (Cohen, 

1988). This number is influenced by both the natural variability within a species, 

with higher variability requiring a larger number of individuals to detect a given 

trend, as well as variation induced by small mounting errors. Both kinds of 

variability are present in our dataset, but because it is impossible to perfectly 

mount specimens it is not possible to separate these effects in our dataset. 

However, high repeatability suggests that most of the observed variation is due to 

natural trait variability as opposed to procedural errors, whereas it delimiting the 

two becomes more troubling when repeatability is low. I apply power analysis 

with the ‘pwr’ package in R (R Core Team, 2013). When variation in a population 

is known, power analysis calculates the sample size required to detect a specified 

trend (effect size) for a given power (probability of finding a true effect) and 

significance level (probability of finding that an effect that is not there). I use 

power analysis to determine the sample size required to detect a trait change of 

5, 10, 15, 20, 25 and 30% for varying power values with a significance level set to 

0.01. 

 

2.4 Results & Discussion 

2.4.1 Area 

Measurements of test area vary little between runs (Figure 2.3). Differences 

between first and second measurements per individual were very small with the 

Interquartile Range of the differences (the distance between the 25th and 75th 

percentiles) reaching less than 5% away from the species’ mean for all studied 

species except G. puncticulata (Figure 2.4a) and no significant differences were 

detected between runs for all studied species (Wilcoxon signed-rank tests, see 

Figure 2.4a for species-specific p-values). These results imply that foraminifera 

body size is a repeatable measure not dependent on small mounting errors. 

Because of this trait’s high repeatability, relatively small size changes can be 

detected reliably (Figure 2.5): only 50 individuals are needed to detect an increase 

in test area of 10% or larger for power, i.e., the probability of detecting an effect 

that is present in the data, >0.9 and a confidence level, i.e. probability of a false  
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Figure 2.5  Calibration of the number of individuals required to detect a given 

trait change in individual species. Here power is plotted against the 

number of individuals needed to detect changes in trait values by 5% 

(red), 10% (orange), 15% (green), 20% (cyan), 25% (blue) and 30% 

(magenta). The significance level is set to p=0.01. 
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positive, of p=0.01 (Figure 2.5). The only exception is G. inflata, for which the 

same number of individuals would only enable a detection of a >15% change in 

size. In principle, this lower sensitivity in G. inflata can be explained by either 

higher natural and/or higher mounting-induced variability in this species, but 

given that this species is relatively easy to mount because of its rounded 

periphery, and mounting induced errors are very low in G. inflata size (Figure 

2.4a), I conclude that a high natural size variability due to species-specific 

morphological variability such as the existence of different morphotypes (Kennett 

and Srinivasan, 1983) is the most likely explanation for the observed differences. 

2.4.2 Aspect ratio 

Measurements of aspect ratio are similar between runs for all species (Figure 2.3, 

third column) and repeated measurements on the same individuals are 

statistically indistinguishable (Figure 2.4c), Wilcoxon signed-rank tests), implying 

that aspect ratio is a repeatable measure of foraminifera test shape. Results from 

power analysis show that only 25 individuals are needed to detect a 10% increase 

in aspect ratio for power>0.9 and a confidence level of 0.01 for all species (Figure 

2.5). 

2.4.3 Perimeter 

Measurement distributions of test perimeter vary between runs for all species 

(Figure 2.3). The differences between first and second measurements on 

individuals deviate significantly from 0 in all species except the spherical O. 

universa (Wilcoxon singed-rank tests, see Figure 2.4a for species-specific p-

values), implying that test perimeter is not a repeatable measure in the other five 

species. These results underline the need for species-specific error quantification 

when using this measure, especially when used in a full morphometric approach 

where landmarks for other traits are assigned at specific points on the test 

outline. When this approach is used the repeatability of each landmark should be 

quantified separately, because uncertainty in the perimeter can also influence the 

repeatability of the individual landmarks and their associated traits. 

2.4.4 Roundness 

The similarity of the measurement distribution for roundness varies among the 

studied species, with most repeatable measurements for O. universa, G. inflata 
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and G. siphonifera (Figure 2.3). The individual differences between first and 

second measurements deviate significantly from 0 in G. puncticulata, T. 

crassaformis and G. siphonifera, implying that roundness is not a repeatable trait 

in these species Figure 2.4d). In O. universa, G. inflata and G. tumida, however, I 

found no significant mounting-induced errors. For each of these three species, 

power analysis shows that fewer than 25 individuals are required to detect a 10% 

change in roundness with power>0.9 and a significance level of p=0.01 (Figure 

2.5).  

The varying degrees of repeatability in roundness could reflect the 

composite nature of the trait: roundness is defined as π*Perimeter2/Area. 

Because test perimeter is greatly influenced by orientation errors, its biases are 

also expected to influence test roundness. These results imply that extra care 

should be taken when analysing more complex composite traits, and that the 

reliability of all separate traits should be quantified prior to interpreting any 

changes in roundness in the fossil record.  

 

2.5 Conclusion and Recommendations 

In this chapter I report a test of the repeatability of four measures of planktonic 

foraminifera: size, shape and outline and the sample size required to pick up 

trends of a given magnitude. This chapter present a novel mounting technique 

using a glass slides that reduces background imperfections and increases 

accuracy of trait capture (Figure 2.2). Both test area and aspect ratio are 

repeatable measures of test size and shape, whereas roundness is a repeatable 

measure for O. universa, G. inflata and G. tumida but not G. puncticulata, T. 

crassaformis and G. siphonifera, while perimeter is not repeatable for any of our 

non-spherical species (Figure 2.4). Our results underline the need for 

measurement error quantification in individual species’ traits prior to interpreting 

their morphological records. In particular, test perimeter and the other composite 

traits it influences should be applied with extreme caution. Work is needed to 

investigate the repeatability of individual landmarks on test outline before they 

are applied for evolutionary or biostratigraphical purposes. 

Results from the power analyses show that between 25 and 50 individuals 

are needed to detect a 10-15% change in the repeatable traits, which is well within 

the scope of most species of planktonic foraminifera. A significance threshold of 
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p=0.01 was used because of the abundance of the microfossil record: it is 

recommended that micropalaeontologists target lower significance levels (e.g., 

p<0.01 rather than p<0.05), particularly in common species, to reduce the 

probability of reporting false positive results. The sample size required to detect 

statistically significant trait changes depends on the magnitude of change, and 

should therefore be determined at the start of each experiment separately to 

ensure efficient data collection protocols. Focussing on repeatable traits will also 

ensure that statistical outputs like effect size, which are arguably more 

informative than the level of statistical significance in inferring the ecological role 

of trait changes, can be estimated more accurately.  
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Chapter 3: Calibrations of test diameter and 

area measured from two-dimensional 

images as proxies for body size in the 

planktonic foraminifer Globoconella 

puncticulata 

 

This chapter is in preparation for submission to the Journal of Foraminiferal 

Research as: Brombacher, A., Elder, L., Hull, P.M., Wilson, P.A., Ezard, T.H.G., 

Calibrations of test diameter and area measured from two-dimensional images as 

proxies for body size in the planktonic foraminifer Globoconella puncticulata 

3.1 Abstract 

Body size is one of the most commonly measured traits in ecology and evolution 

because it covaries with environmental (e.g., temperature, latitude, degree of 

population isolation) and life-history (metabolic rate, generation time) traits. 

However, the driving mechanisms of body size variation in deep time are less well 

known and complicated by partial specimen recovery, limited population-level 

sampling, and the use of linear measurements as proxies for three-dimensional 

volumetric size data. How much information are we missing by focussing on sub-

optimal size metrics? Here I examine this question in an evolving lineage of 

planktonic foraminifera. I measure test diameter and area of over 500 individuals 

of the species Globoconella puncticulata using two-dimensional images, and 

compare the results to measurements of test volume of the same individuals as 

measured by a recently developed high-throughput method for analysing three-

dimensional morphometrics, as well as high-resolution three-dimensional 

computed tomography scanning. Our results show that even in a lineage showing 

substantial morphological change, test area can provide consistent proxies for 

body size measured volumetrically. Approximating volumes with linear size 

measurements is more problematic, systematically over- and underestimating for 

the smallest and largest tests, respectively. Shape only explained marginally more 

variation when included in the regressions. The use of light microscopy 

introduces a small degree of scatter in the data, but the number of individuals 
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necessary to detect trends in body size with sufficient statistical power is 

comparable to the sample size required for other traits. These results imply that 

even in an evolving lineage undergoing substantial morphological change, cross-

sectional area can provide consistent proxies for body size. 

3.2 Introduction 

Body size is an ecologically important trait that scales with many morphological, 

functional and life history traits (Huxley, 1932; Peters, 1983). It has been studied 

extensively in modern populations, showing correlations with ecological 

parameters such as latitude (Bergmann’s Rule, (Bergmann, 1848; James, 1970)) 

and energetic limitations (Clavel and Morlon, 2017; Foster, 1964; Van Valen, 

1973b). Additionally, body size has been argued to increase along species 

branches in deep time (Cope’s Rule (Cope, 1887)).  However, due to the low 

resolution of most fossil records and poor preservation of complete specimens, 

factors influencing body size in deep time are less well known.  

Planktonic foraminifera are ideally suited to study evolutionary processes 

due to the availability of temporally resolved deposits of complete specimens 

from sites throughout the global ocean. Their abundance, distribution, and 

relatively continuous deposition in sea floor sediments enable studies of both 

micro- and macroevolutionary processes in deep time. Body size can be 

accurately measured in three dimensions with methods like micro-computed 

tomography (micro-CT) scanning or Synchrotron radiation X-ray tomographic 

microscopy (SRXTM) (Caromel et al., 2016; Schmidt et al., 2013), but the 

expensive and time-consuming nature of these methods constrain their utility for 

generating large datasets to study of evolutionary change. As a result, specimen 

body size is generally estimated using test diameter or area as measured from 

two-dimensional images. However, condensing complex shell morphology to one- 

or two-dimensional parameters results inevitably in a loss of information. 

Morphological changes over a species’ existence could distort the diameter or 

area to body size ratio, for example by changing chamber inflation (Coxall et al., 

2000; Norris and Hull, 2012) and this covariation is not constant through time 

(Brombacher et al.). Therefore, to reliably use two-dimensional representations of 

shell morphology the loss of information needs to be quantified. 

Here I measure test diameter, two-dimensional area, and three-dimensional 

volume of the same 539 individuals of the species Globoconella puncticulata. This 
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species has been reported to undergo drastic size and shape change during the 

500,000 years preceding its extinction (Brombacher et al. (, see also Figure 3.1), 

providing an excellent opportunity to study the robustness of one-, two-, and 

three-dimensional representations of body size with changing morphology. Test 

diameter and two-dimensional area were analysed from two-dimensional images. 

Those results were then compared to measurements of test volume of the same 

individuals using a recently developed high-throughput method for analysing 

three-dimensional morphometrics from vertically stacked images (Hsiang et al., 

2016), as well as CT-scans (Schmidt et al. 2013).  

 

Figure 3.1  Mean size and shape per time slice of Globoconella puncticulata at 

Sites U1313 and 925, as measured from two-dimensional test 

representations. U1313 data from Brombacher et al. (. 

 

3.3 Methods 

3.3.1 Material 

To test the relationship of one-, two-, and three-dimensional representations of 

body size I measured test diameter, area and volume of the planktonic 

foraminifer Globoconella puncticulata. This thermocline-dwelling species is 

characterised by a low trochospiral test with a flattened spiral side and highly 

vaulted umbilical side (Kennett and Srinivasan, 1983). 
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Samples were obtained from two sites in the Atlantic Ocean: equatorial 

Ocean Drilling Program (ODP) Site 925 and mid-latitude Integrated Ocean Drilling 

Program (IODP) Site U1313 (Figure 3.2). The specimens at Site U1313 become 

smaller and more rectangular-shaped in the interval leading up to their 

extinction. Samples from IODP Site U1313 were selected from three different time 

slices at 2.5, 2.7 and 2.8 Ma to include the full range of morphological variability. 

Individuals at Site 925 were smaller and less abundant than at Site U1313. No 

changes in morphology were observed at Site 925 (unpublished data), so 10 

equally spaced samples were analysed over the interval 2.4 – 2.6 Ma. Combining 

data from both sites provides a wider size spectrum of individuals with which to 

compare consistency among one-, two- and three-dimensional proxies. 

 

Figure 3.2  Location of ODP Site 925 and IODP Site U1313 in the Atlantic Ocean 

 

All samples were dry-sieved over a >150 μm2 mesh sieve. Due to the high 

abundance of G. puncticulata at Site U1313 these samples were split using a 

microsplitter until a single split contained 70-150 specimens. Full splits were 

picked to avoid manual selection bias, resulting in 471 individuals picked from 

this site. All individuals of G. puncticulata present in the samples of Site 925 were 

picked, yielding another 68 specimens. 

3.3.2 Measurements 

Individuals were mounted on glass slides using transparent double-sided tape 

(Brombacher et al., 2017). For the extraction of test diameter and area from two-

dimensional images, specimens were mounted in side view to capture chamber 
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inflation, imaged using a Lumenera Infinity 3 camera attached to an Olympus 

SZX10 light microscope and analysed using the Image Pro Premier software. 

Specimens were automatically identified by setting a brightness threshold that 

detects the white foraminifera tests from the dark background, and diameter (1D) 

and area (2D) were measured from the objects. Additionally, aspect ratio 

(length/width) was measured as a repeatable proxy for test shape (Brombacher et 

al., 2017).  

Test volume was measured from the same individuals using the AutoMorph 

software package developed by Hsiang et al. (2016). Slides were imaged with 

transmitted light using a Leica DFC450 camera attached to a Leica Microsystems 

DM6000M compound microscope with a motorized x-y scanning stage. Each slide 

scan generates a stack of raw slide images (called planes) at different z-axis 

heights. All slides in this study were imaged with a z-step size (distance between 

planes) of 31.1µm and an imaging range of 800µm resulting in 25 focused 

planes. AutoMorph then isolates the focused planes for each individual 

foraminifera using the module segment. AutoMorph’s run3dmorph module 

creates a three-dimensional representation of the specimen’s visible upper half, 

while the invisible lower half is represented by a dome, cylinder or cone shape 

(see Hsiang et al. (2016) for further details). To compare volume estimates of 

foraminifera tests mounted in different positions (umbilical, spiral and edge view) 

and with different lower half representations, size measurements of six 

specimens acquired with this technique were compared to volume estimates of 

the same individuals acquired through CT-scanning.  

3.3.3 Analysis 

To determine the degree of scatter between test diameter and area as measured 

from two-dimensional images, and to test the consistency of test diameter and 

area as proxies for foraminifera body size I regressed all measures using 

Generalised Linear Models (GLMs) in R (R Core Team, 2013).  Comparing one-

dimensional to two-dimensional objects a polynomial relationship of the form y = 

ax2 is expected, with increasing variation with the mean, which was incorporated 

in the GLM via a power link function (Figure 3.3a). To test the consistency of test 

diameter and area as proxies for foraminifera body size I compared both to the 

volume measurements performed on the same tests using a GLM with the 

expected power functions (y = bx3 for one-dimensional diameter to three-

dimensional volume, and y = cx3/2 for two-dimensional area to three-dimensional 
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volume respectively) as link fucntions, and the variance set to increase linearly 

with the mean. To study the influence of varying test shapes on the regression, 

both GLMs were repeated with shape (as represented by aspect ratio) and the 

interaction between size and shape included in the models. R2 values were then 

compared between models with and without aspect ratio to calculate the added 

variance explained by test shape. Power analysis (Cohen, 1988) was employed to 

calculate the number of individuals required to detect changes in body size given 

a certain power (probability of finding a true effect) and significance level 

(probability of a false positive). 

 

Table 3.1  Mean Squared Error and mean deviation from the CT-scan estimates 

of body size for tests mounted in edge, spiral and umbilical view 

with dome, cylinder and cone underside representations. 

Orientation	 Underside	 Mean	Squared	Error	(*1012)	
Edge	 Dome	 7.5	

Edge	 Cylinder	 14.5	
Edge	 Cone	 6.2	
Spiral	 Dome	 7.4	
Spiral	 Cylinder	 13.0	
Spiral	 Cone	 4.7	
Umbilical	 Dome	 6.8	
Umbilical	 Cylinder	 7.1	
Umbilical	 Cone	 7.7	

 

3.4 Results & Discussion 

Mean Squared Error analysis showed that individuals oriented in spiral view, with 

a cone shape replacing the invisible underside came closest to the CT-scan values 

(Table 3.1). Therefore, this orientation will be used to represent test volume in 

this study. Same-shell measurements of diameter and area from two-dimensional 

images relate to their corresponding volume measurements as expected. Plotted 

against shell volume, diameter follows a power function of the form y = bx3 (GLM, 

power(1/3) link function and a μ error distribution that allows the variance to 

increase with the mean, p<0.001, R2 = 0.71, Figure 3.3b), although low diameter 

values are overestimated by the power law regression and high diameter values 

underestimated. Area is described by the function y = cx3/2 (GLM, power(2/3) link 

function and a μ error distribution,  p<0.001, R2 = 0.73, Figure 3.3c) and provides 

a consistent estimate for volumetric body size across the data set (Figure 3.3c). 
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These results suggest that, as a two-dimensional representation, test area 

provides the most consistent representation of foraminiferal size.  

 

Figure 3.3  Scatter between measurements of diameter and area (a), diameter 

and volume (b) and area and volume (c) of Globoconella 

puncticulata. Red lines indicate the Generalised Linear Model 

regressions with specific power link functions of the form y = ax2 

(1D-2D), y = bx3 (1D-3D) and y = cx2/3 (2D-3D).  

 

Test shape only explains up to 2% extra variance in both datasets (GLM, R2 = 0.89 

and R2 = 0.91 for test diameter and area respectively, Table 3.2). These results 

imply that test diameter and area as measured from two-dimensional images are 

consistent proxies for body size for the varying test sizes and shapes observed 

along the lineage. The remaining ~10% of the variance could be explained by 

scatter inherent to both methods. Comparisons between diameter and area 

measured from two-dimensional images using the same software show 6% of 

unexplained variance (Figure 3.3a). 

 

Table 3.2  Results of Generalised Linear Models for 1D to 2D, 1D to 3D and 2D 

to 3D comparisons, with and without test shape. Note equivalent 

statistical significance (p < 0.001) but quite different extents of 

variance explained. 

Model	 p	 R2	

Area~Diameter	 <0.001	 0.94	
Volume~Diameter	 <0.001	 0.87	
Volume~Diameter*Aspect	Ratio	 <0.001	 0.89	
Volume~Area	 <0.001	 0.91	
Volume~Area*Aspect	Ratio	 <0.001	 0.91	
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To quantify the influence of the observed scatter on evolutionary time series 

power analysis (Cohen, 1988) was employed to calculate the number of 

individuals required to detect trends in body size, using the individuals mounted 

in side view with a cone-shaped lower half. The results show that 15 individuals 

are needed to detect a 5% change in size for power >0.95 at a confidence level of 

0.01. This sample size is well within the feasible range for microfossils and is 

comparable to the number of individuals needed to detect changes in various 

other traits (Brombacher et al., 2017). 

The regressions presented here are specific to G. puncticulata, and most 

readily extrapolatable to similar morphologies. The orientation and lower half 

representation that best describes an object in 3dmorph depends on the test 

shape and complexity of individual species and should therefore be determined 

prior to comparisons between one-, two- and three-dimensional test 

measurements. However, establishing the best orientation and shape for any 

given morphology requires only a handful of specimens for CT-scanning, and the 

~500 individuals to quantify the regression between diameter or size and volume 

measurements can be measured by Automorph within a few days. Therefore, 

quantifying the accuracy of body size as represented by varying measures in any 

given species can be performed relatively quickly using the setup presented here.  

3.5 Conclusion 

Our results show that even in a lineage showing substantial morphological 

change (Brombacher et al.), test area can provide consistent proxies for body size 

measured volumetrically (Figure 3.3). Approximating volumes with linear size 

measurements is more problematic, as even though the R2 value remains high, 

the smallest and largest tests are systematically over- and underestimated 

respectively (Figure 3.3b). The use of light microscopy introduces a small degree 

of scatter in the data, however the sample size required to detect trends in body 

size is comparable to the number of individuals needed to detect changes in 

other traits, implying that no higher-resolution methods are needed to accurately 

quantify body size. The method presented here can be readily repeated on other 

species of planktonic foraminifera, validating their potential to study the driving 

mechanisms of changing body size in deep time.  
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Chapter 4: The breakdown of static and 

evolutionary allometries during climatic 

upheaval 

This chapter is a reproduction of an online early article in The American 

Naturalist: Brombacher, A., Wilson, P.A., Bailey, I., Ezard, T.H.G. (2017), The 

breakdown of static and evolutionary allometries during climatic upheaval. The 

American Naturalist, 190, 3. Online early. 

 

4.1 Abstract 

The influence of within-species variation and covariation on evolutionary patterns 

is well established for generational and macroevolutionary processes, most 

prominently through genetic lines of least resistance. However, it is not known 

whether intraspecific phenotypic variation also directs microevolutionary 

trajectories into the long term when a species is subject to varying environmental 

conditions. Here I present a continuous, high-resolution bivariate record of size 

and shape changes among 12,633 individual planktonic foraminifera of a 

surviving and an extinct-going species, over 500 thousand year time interval. This 

time interval spans the late Pliocene to earliest Pleistocene intensification of 

Northern Hemisphere glaciation, an interval of profound climate upheaval that 

can be divided into three phases of increasing glacial intensity. I found that within 

each of these three Plio-Pleistocene climate phases the within-population 

allometries predict evolutionary change from one time-step to the next, and that 

the among-population (i.e. evolutionary) allometries match their corresponding 

static (within-population) allometries within specific climate phases. However, the 

evolutionary allometry across the three climate phases deviates significantly from 

the static and phase-specific evolutionary allometries in the extinct-going species. 

Although intraspecific variation leaves a clear signature on mean evolutionary 

change from one time-step to the next, our study suggests that the link between 

intraspecific variation and longer-term micro- and macroevolutionary phenomena 

is prone to environmental perturbation that can force evolutionary change away 

from the direction of trait constraints induced by within-species trait covariation. 
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4.2 Introduction 

Intraspecific variation is essential for evolution. Phenotypic variation is the target 

for natural selection, with the possibilities for phenotypic change determined by 

the extent of genetic variation. Many traits do not evolve independently: selection 

on one trait can influence the response to selection in others (Lande, 1979; Lande 

and Arnold, 1983). These constraints among traits can have large impacts on the 

direction of evolution, either facilitating evolution in the case of positive 

covariances (Gavrilets and Losos, 2009), or constraining adaptation when 

covariances are negative (Agrawal and Stinchcombe, 2009). Lande (1979) used a 

multivariate quantitative genetics framework to describe brain: body size 

allometry in mammals. From one generation to the next, the multivariate 

Breeder’s equation (Lande, 1979) predicts the change in mean n-dimensional 

phenotypes as: 

𝒛 = 𝑮𝛽      (1) 

Here z is an n-dimensional vector representing the change in n trait means, G is 

the additive genetic variance-covariance matrix with genetic variances on the 

diagonal elements and covariances as non-diagonal elements, and β is an n-

dimensional vector consisting of directional selection gradients (Lande, 1979; 

Lande and Arnold, 1983). Repeated over many generations, the phenotype is 

expected to evolve in the direction of the dominant eigenvector of G, which has 

been defined as the line of least genetic resistance g
max 

(Schluter, 1996). Although 

populations have been shown to evolve along lines of least resistance on 

generational time scales (Bégin et al., 2003; Lande, 1979; Lande and Arnold, 

1983), as well as among modern species and genera (Lande, 1979; Schluter, 

1996), we lack robust data on how trait covariance evolves along species 

branches in deep time.  

Allometries present specific examples of trait covariations, with a given trait 

covarying with body size according to a power relationship (Huxley, 1932). They 

are considered exemplary lines of least evolutionary resistance (Pélabon et al., 

2014) because allometric constraints imply that internal growth regulators 

restrict trait evolution. Marroig and Cheverud (2005) showed that the direction of 

evolutionary change in New World Monkeys mainly occurred along within-

population allometric slopes of body size and cranial features, using 

morphological data of extant species supplemented by modelled reconstructions 

of ancestral morphology. One of the challenges to empirical studies of how trait 
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covariance evolves in free-living populations, and an explanation for the “dismally 

few” empirical tests (Estes and Arnold, 2007), is that studies using recent species 

are restricted to a comparison of relatively few matrices on contemporaneous 

populations (Arnold et al., 2008). Empirical studies of phenotypic change over 

long time scales require the fossil record, which typically lacks genetic 

information. Quantitative morphological traits represent a multi-locus 

representation of intraspecific variation, and have been shown to influence 

adaptive evolution (Simpson, 1953). Over long timescales, assuming a constant 

selection regime (Arnold et al., 2008) (and mutational pleiotropy notwithstanding 

(Cheverud, 1996)), evolutionary constraints due to phenotypic trait covariation 

provide a good approximation of the adaptive landscape (Arnold et al., 2001). 

While pleiotropy is often present in mutation input, this observation implies that 

it is instructive to study changes in the relationships among traits.  

 Hunt (2007) and Renaud et al. (2006) applied the concept of Schluter’s 

(1996) lines of least resistance to the fossil record. Hunt (2007) found that 

speciation in an ostracode clade spanning ~37 Myrs tended to occur in the 

direction of maximum phenotypic variation of the ancestor population. Renaud et 

al. (2006) showed that dental patterns in rodents were channelled along the 

direction of greatest intraspecific variation over an 11 Myr-interval. Additionally, 

Haber (2016) showed that traits evolve fastest if divergence is aligned with the 

phenotypic covariance matrix in ruminant skulls. Phylogenetic comparative 

methods have identified changing trait covariance as a key diagnostic among 

distinct subclades during the origin of birds (Puttick et al., 2014). These four 

studies focus on changing trait covariances on macroevolutionary time scales, but 

no observations have been reported of how trait covariance evolves during a 

species’ existence. 

The allometric constraint hypothesis states that within-population 

allometries typically remain constant, shaping evolutionary constraints over 

longer time scales (Pélabon et al., 2014). Firmat et al. (2014) showed that static 

(within-population) allometries predict evolutionary (i.e. among-species) 

allometries on <1 million-year time scales, implying consistent alignment between 

G and the adaptive landscape (Arnold, 1992; Cheverud, 1984; Lande, 1980). 

However, a shift in evolutionary optima would upset this alignment, forcing the 

individuals and population into an alternative selective regime. Under such a 

displaced optimum (Estes and Arnold, 2007), the consistency between within-

population and evolutionary allometries might be expected to break down. 
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Renaud et al. (2006) reported that among-species morphological variation in one 

of their two studied lineages departed from the lines of least resistance following 

pronounced environmental change. Their sampling resolution, however, did not 

allow for the analysis of the evolution of static allometries within species over 

time. Additionally, Hunt (2007) showed that evolution in an ostracode clade did 

follow the lines of least resistance initially, but the effect eroded after a few 

million years. To study changes in static allometries as a response to changing 

selective gradients and their effect on evolutionary allometries, high-temporal 

resolution records of individual species are needed. 

Here, I analyse size and shape allometries from 12,633 individuals in two 

ecologically and environmentally similar planktonic foraminifera species found at 

Integrated Ocean Drilling Program (IODP) Site U1313 (~41˚ N) situated in the mid-

latitude North Atlantic Ocean. Planktonic foraminifera are sexually reproducing 

protists distributed in high abundance throughout the world’s oceans. The large 

population size, global distribution and excellent preservation potential of their 

calcite shells make them uniquely suited for continuous, high-resolution 

morphological reconstructions over millions of years. I explore the temporal 

consistency of allometries within and among populations during the most recent 

great climate transition in Earth’s history: the late Pliocene to earliest Pleistocene 

intensification of Northern Hemisphere glaciation (iNHG) (Mudelsee and Raymo, 

2005). I investigate two main questions. First, do allometric lines of least 

phenotypic resistance predict evolutionary change within species over thousands 

of generations? Second, do within-sample (static) and among-species 

(evolutionary) allometries become decoupled during climate upheaval?  

 

4.3 Material & Methods 

4.3.1 Study species 

This chapter focusses on two ecologically similar species, Truncorotalia 

crassaformis and Globoconella puncticulata (Figure 4.1, Figure 4.2 (inserts)), 

characterised by low trochospiral tests with flattened spiral sides, inflated 

umbilical sides and umbilical-extraumbilical apertures (Kennett and Srinivasan, 

1983). Both inhabit similar habitats with highest abundances in thermocline 

waters at middle and low latitudes (Aze et al., 2011; Kennett and Srinivasan, 
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1983). T. crassaformis originated around 5.7 Ma and survives to the present day. 

G. puncticulata first appeared around 4.6 Ma and became extinct at 2.41 Ma (Wei, 

1994b), shortly after the onset of significant Northern Hemisphere glaciation at 

2.72 Ma (Bailey et al., 2013). Wei (1994a) has reported allometric changes in the 

G. puncticulata lineage on macroevolutionary time scales. In particular, he noted 

that G. puncticulata gave rise to its only descendant species, G. inflata, through 

shifts in ontogenetic allometric relationships starting around 3.5 Ma in the 

southwest Pacific (Wei, 1994a, b). G. inflata did not occur in the North Atlantic 

until ~2.09 Ma (Berggren et al., 1995a; Chapman et al., 1998), ~30,000 years 

after the extinction of G. puncticulata. The planktonic foraminifera 

biostratigraphy of Site U1313 reports no overlap between the local stratigraphic 

ranges of G. puncticulata and G. inflata (Channell et al., 2006b) and no 

individuals of G. inflata were found in our higher resolution sample set of the 

study’s target time interval. The extirpation of G. puncticulata from the North 

Atlantic is therefore not attributable to replacement by a descendant species. 

 

Figure 4.1  Analysed traits on foraminifera shells. Specimens were imaged in 

edge view (left), and area, height and width were measured on the 2-

dimensional shell representation (right).  

4.3.2 Material 

IODP Site U1313 is located in the mid North Atlantic Ocean at the base of the 

upper western flank of the Mid-Atlantic Ridge at a water depth of 3426 m (41 °N, 

32.5 ‘W), at the northern edge of the North Atlantic Gyre. In this oceanographic 

environment, surface currents are driven by clockwise wind circulation in the 

high-pressure system overlying the subtropical North Atlantic. Deflected by the 

Coriolis force, these currents form a basin-wide rotating circulation system with 

little movement of surface water currents into or out of the gyre, preventing 

large-scale migration of plankton and generating a well-mixed eco-evolutionary 
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system. Site U1313 was drilled during IODP Expedition 306 in 2005 and 

constitutes a reoccupation of Deep Sea Drilling Project (DSDP) Site 607 (Channell 

et al., 2006b; Raymo et al., 1990) using advanced piston coring techniques to 

provide continuous records of evolutionary change (Channell et al., 2006b). The 

Site U1313 record is characterised by consistently high sedimentation rates (~5 

cm/kyr) for the past 5 Myr (Channell et al., 2006b; Lisiecki and Raymo, 2005), a 

demonstrably continuous record of sedimentation for iNHG (Bolton et al., 2010) 

and exceptionally well-preserved microfossil carbonate (Lang et al., 2014). 

The time interval studied here spans 2.4 to 2.9 Ma and captures the 

intensification of Northern Hemisphere Glaciation (iNHG). We identify three 

distinct climate states in the studied interval characterised by stepwise increases 

in glacial state in the face of constant interglacial (background) conditions (Figure 

4.2e,f). Before Marine Isotope Stage (MIS) G6 at 2.72 Ma, here called the Initial 

Phase, Northern Hemisphere ice sheets, as tracked by benthic foraminiferal 

oxygen isotopes (δ18O), were small (Lisiecki and Raymo, 2005; Mudelsee and 

Raymo, 2005). From MIS G6 onwards Northern Hemisphere climate became 

dominated by 41-kyr glacial-interglacial cycles (here called the Transition Phase, 

2.54-2.72 Ma), but glacial ice sheets did not reach their full iNHG size until 2.54 

Ma with Marine Isotope Stages 96, 98 and 100 (Bailey et al., 2013) (here called 

the Glacial Phase, <2.54 Ma). Comparing within-population allometries to 

evolutionary allometries within these three climate phases, as well as over the 

entire study interval, provide new insights into the evolution of allometric 

relationships during times of global climatic upheaval. 

I used 75 of the samples at every ~30 cm (~5-kyr-resolution) from the 

shipboard primary splice studied originally by Bolton et al. (2010): 20 samples in 

the Initial Phase, 30 in the Transition Phase and 25 in the Glacial Phase. The site’s 

average bioturbation depth is estimated to be 2-3 cm (Channell et al., 2006b) 

implying no time averaging of foraminifera populations between consecutive 

samples. For age control, I used the orbital-resolution benthic foraminiferal δ18O 

stratigraphy for Site U1313 generated by Bolton et al. (2010). The samples were 

dry-sieved over a >150 μm2 mesh sieve and split using a microsplitter until a 

single split contained 70-150 specimens of T. crassaformis or G. puncticulata. 

The splits were picked for all specimens of both of these species, resulting in a 

total of 12,629 specimens (6058 specimens of T. crassaformis and 6575 of G. 

puncticulata) over the studied interval. While picking for T. crassaformis extra 

care was taken to exclude specimens from the closely related and 
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morphologically similar species Truncorotalia oceanica, Truncorotalia ronda, 

Truncorotalia viola and Truncorotalia hessi (Kennett and Srinivasan, 1983; 

Stewart, 2003). Foraminifera shells were mounted on glass slides in groups of 20 

individuals using double-sided adhesive tape with the apertures facing upwards. 

Groups were imaged using an Infinity 3 Lumenera camera mounted on an 

Olympus SZX10 light microscope. Because I aim to evaluate changes in traits as a 

consequence of climate change, only traits with known functional morphologies 

were analysed. Shell size is known to reflect a species’ ecological optimum 

(Hecht, 1976a; Schmidt et al., 2004a) and shell shape impacts the test volume to 

surface area ratio, influencing respiration and metabolic processes (Caromel et 

al., 2014). Shell area and aspect ratio (the ratio between test height and width) 

were extracted from the images using an automated image analysis macro in the 

Image Pro Premier software (Figure 4.1). To assess measurement consistency a 

subset of 100 individuals per species was remounted and reanalysed. 

Measurement errors were defined as the difference between two repeated 

measurements on the same individual, divided by the mean of those two 

measurements. Results from both sets of measurements were highly consistent 

with average trait errors less than 5% (Table 4.1). 

 

Table 4.1 Measurement errors for size and shape in Globoconella 

puncticulata and Truncorotalia crassaformis. Measurement errors 

were defined as the difference between two repeated 

measurements on the same individual, divided by the mean of the 

two measurements. 

Species	 Measure	 Error	
G.	puncticulata	 Area	 5.0%	
G.	puncticulata	 Aspect	ratio	 3.3%	
T.	crassaformis	 Area	 2.0%	
T.	crassaformis	 Aspect	ratio	 2.4%	

 

4.3.3 Analysis 

The R package ‘paleoTS’ (Hunt, 2006) allows analysis of paleontological time 

series using maximum likelihood models, which was used to test whether 

univariate trait evolution in the different climatic states is best described by 

stasis, directional evolution or a random walk. To test whether trait evolution 
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occurred more slowly than would be consistent with genetic drift, I calculated 

Lynch’s delta metric (Lynch, 1990). Given the observed within-population 

phenotypic variance, this measure decribes the range of evolutionary rates that 

would be consistent with neutral evolution (10-3 - 10-5). Higher values imply 

directional selection, whereas lower values support hypotheses of stabilising 

selection. To quantify trait responses to changes in Northern Hemisphere climate 

linear models were used to compare the morphology records to the LR04 benthic 

δ18O stack representing Northern Hemisphere glacial-interglacial climate cycles 

(Lisiecki and Raymo, 2005) after taking first differences to account for temporal 

autocorrelation and for consistency with the random walk approach of the 

paleoTS analyses.   

To study trait covariation over time, phenotypic variance-covariance matrices 

P
t
 were constructed using individual measurements of shell size and shape at 

time t scaled to unit variance to produce measurements in comparable units. The 

dominant eigenvector of P
t
, here called p

max
, describes maximum phenotypic 

variation (Hunt, 2007; Schluter, 1996) and, in our case, represents the static 

allometric size-shape relationship at time t. Evolutionary allometries were 

calculated in the same way using the sample means of size and shape to 

reconstruct the variance-covariance matrix over the entire study interval (total 

evolutionary allometries) as well as from separate climate phases (phase-specific 

evolutionary allometries). To test whether populations preferentially evolve along 

static allometries from one time step to the next, I measured the angle θ between 

p
max

 at time t and the direction of evolutionary divergence z from the sample 

mean at time t to the sample mean at time t+1 (Figure 4.3a), and compared θ to a 

simulated distribution of angles between two randomly chosen vectors generated 

using Knuth’s Algorithm (Knuth, 1969).	A Wilcoxon rank-sum test was performed 

to check if the distribution of all θ differed from the randomly generated angles. 

A set of angles significantly smaller than the randomly generated angles implies 

that population evolution from one time step to the next is constrained by its 

within-population allometries. A paired Wilcoxon test was applied to test if both 

species were similarly constrained by their allometric lines of least resistance. 

Over longer time scales and under a constant selection regime, species are 

expected to preferentially evolve along p
max 

(Firmat et al., 2014; Haber, 2016; 

Hunt, 2007; Schluter, 1996), resulting in evolutionary allometries similar to the 

within-population allometries (Firmat et al., 2014; Voje et al., 2014). To determine 

whether within-population allometries also predict evolutionary allometries during  



Chapter 4: Breakdown of allometries 

48   

 

Figure 4.2  Box and whisker plots of a) shape and b) size of Truncorotalia 

crassaformis and c) shape and d) size of Globoconella puncticulata at 

Site U1313 over time. e) and f) represent the global oxygen isotope 

benthic stack (Lisiecki & Raymo, 2004) for the study interval and the 

past 5 million years respectively, with key Marine Isotope Stages in e). 
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intervals of global environmental change, the within-population allometries 

within climate phases were compared to both the phase-specific evolutionary 

allometries as well as the evolutionary allometry across the entire studied interval 

(see Figure 4.3b for an example). 

4.4 Results 

Time series of size and shape dynamics in both species are presented in Figure  

2a-d. We particularly note an abrupt decrease in size by 30±9% in G. puncticulata  

at the start of the Transition Phase during MIS G6. No significant relationships  

were found between any of the traits and δ18O (Linear Model, p = 0.61, R2 =  

0.0037 and p = 0.99, R2 = 2.2*10-4 for size and shape of G. puncticulata and p =  

0.64, R2 = 0.0031 and p = 0.77, R2 = 0.0012 for size and shape of for size and  

shape of T. crassaformis, see also Figure 4.4), arguing against genetic and plastic  

species response to climate change. Maximum likelihood models implemented in  

the paleoTS package provide approximately 60-70% support for a directionless  

random walk as compared to directional evolution (20-30%) or stasis (0-20%) for  

all time series over the entire studied interval (Table 1). Analysed within separate  

climate states, size of G. puncticulata is best described by stasis in the Initial  

 

 

Figure 4.3  Schematic of (a) the angle θ between p
max

 at time t and the 

direction of evolutionary divergence (z) from the sample mean at 

time t to the sample mean at t+1. Here p
max

 represents the within-

population allometry. (b) Evolutionary allometries were defined as 

p
max

 of the phenotypic variance-covariance matrix of the sample 

means, and do not necessarily line up with the within-population 

allometries of individual samples. 
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Phase and by a random walk in the Transition and Glacial phases, whereas shape 

is best described by stasis in the Initial and Glacial Phases, and by a random walk  

in the Transition Phase. Size of T. crassaformis most resembles a random walk in  

the Initial and Transition Phases and stasis in the Glacial Phase, while shape is  

best described by a random walk throughout (Table 4.2). Additionally, for all  

studied traits Lynch’s delta values fall well outside the 10-3 – 10-5 range proposed  

by Lynch (1990) to represent neutral evolution (see Table 2), implying a form of  

stabilising selection acting on all traits.  

 

T. crassaformis occupies a similar position in size-shape space throughout the 

studied interval with a strong overlap among the separate climate phases (Figure 

4.5a). Sample means of G. puncticulata go from large and square-shaped in the 

Initial  Phase,   to   decreasing   shell   area  and  increasing  aspect  ratio   in   the 

 

 

Figure 4.4 Linear regressions of first differences of a) mean size and b) 

mean shape of Globoconella puncticulata (red) and 

Truncorotalia crassaformis (blue) against first differences of 

the global benthic δ18O stack (Lisiecki and Raymo, 2005). 

Correlations between traits and δ18O were not significant for 

either species (Linear Model, p = 0.61, R2 = 0.0037 and p = 

0.99, R2 = 2.2*10-4 for size and shape of G. puncticulata and p 

= 0.64, R2 = 0.0031 and p = 0.77, R2 = 0.0012 for size and 

shape of for size and shape of T. crassaformis). 
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Table 4.2  AICc values and Akaike weights for stasis, unbiased random walks 

and directional evolution in size and shape of Globoconella 

puncticulata and Truncorotalia crassaformis over both the separate 

climate phases and the entire studied interval, analysed using the 

PaleoTS package in R.  

Species	 Trait	 Phase	 Stasis	 Unbiased	random	
walk	

Directional	
evolution	

AICc	 Akaike	
weight	

AICc	 Akaike	
weight	

AICc	 Akaike	
weight	

G.	puncticulata	 Size	 Initial	 194.0	 0.532	 194.8	 0.359	 197.2	 0.109	
	 	 Transition	 252.1	 0.000	 235.9	 0.740	 238.0	 0.260	
	 	 Glacial	 144.3	 0.122	 140.8	 0.683	 143.3	 0.194	
	 	 All	 743.7	 0.000	 602.9	 0.685	 604.5	 0.315	
	 Shape	 Initial	 -141.3	 0.963	 -134.0	 0.026	 -132.3	 0.011	
	 	 Transition	 -91.2	 0.000	 -121.7	 0.735	 -119.7	 0.265	
	 	 Glacial	 -98.4	 1.000	 -80.8	 0.000	 -78.3	 0.000	
	 	 All	 -205.5	 0.000	 -334.4	 0.712	 -332.6	 0.288	
T.	crassaformis	 Size	 Initial	 202.2	 0.006	 192.5	 0.763	 194.9	 0.231	
	 	 Transition	 229.7	 0.399	 229.5	 0.454	 231.7	 0.147	
	 	 Glacial	 166.9	 0.945	 173.1	 0.043	 175.6	 0.012	
	 	 All	 623.3	 0.245	 621.7	 0.559	 623.8	 0.195	
	 Shape	 Initial	 -74.0	 0.002	 -86.1	 0.756	 -83.8	 0.242	
	 	 Transition	 -126.9	 0.046	 -132.4	 0.726	 -130.1	 0.228	
	 	 Glacial	 -72.5	 0.030	 -78.9	 0.753	 -76.4	 0.217	
	 	 All	 -251.5	 0.000	 -307.3	 0.742	 -305.2	 0.258	

 
 

Table 4.3 Values for Lynch’s delta metric for Globoconella puncticulata and 

Truncorotalia crassaformis size and shape. All values are less than 

5% of the threshold proposed by Lynch (1990) to represent neutral 

evolution. 

	 Neutral	evolution	 G.	puncticulata	 T.	crassaformis	
Size	 Shape	 Size	 Shape	

Lynch’s	delta	 10-3	–	10-5	 1.28*10-7	 1.98*10-7	 1.21*10-6	 8.18*10-8	
 

 

Transition and Glacial Phases, hinting at a strong size: shape allometry in this 

species (Figure 4.5b). However, within-population allometries are weak in both 

species (Figure 4.5c,d). Visual inspection of the data shows that the within-

population allometries of G. puncticulata are grouped in their respective climate 

phases. In T. crassaformis the slopes change from weakly positive (Initial Phase) 

to weakly negative (Transition Phase) to neutral (Glacial Phase). In G. puncticulata 

within-population allometries show comparable slopes but different intercepts in 

the Initial and Glacial phases, with the Transition Phase acting as a bridge 

between the other two phases with more variable slopes and intercepts. 
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The evolutionary allometries within phases follow each phase’s set of within- 

population allometries in both species (Figure 4.5c,d). For both T. crassaformis 

and G. puncticulata the phase-specific evolutionary allometries are significantly 

different among phases (ANOVA performed on phase-specific evolutionary slopes, 

p<0.001 for both species). The T. crassaformis evolutionary allometries shift 

from weakly positive in the Initial Phase, to weakly negative in the Transition 

Phase to almost neutral in the Glacial Phase, whereas those in G. puncticulata are 

weakly negative in the Initial and Glacial Phases, and strongly negative during the 

Transition Phase. Together, the phase-specific allometries explain 5.5% of all 

variance in T. crassaformis, as opposed to 33.6% in G. puncticulata (ANCOVA 

performed on phase-specific evolutionary slopes, p<0.01 for both species with 

 

Table 4.4  Linear Model results on evolutionary allometries over the entire 

interval with (“Total interval with phases”) and without phase-specific 

allometries (“Total interval”). R2 values represent the variance 

explained in the total dataset by the model and p-values represent 

the significance of the slopes.  

Model	 Species	 Phase	 R2	model	 p	slopes	
Total	interval	 T.	crassaformis	 	 0.0015	 <0.01	
	 G.	puncticulata	 	 0.198	 <0.001	
Total	interval	with	phases	 T.	crassaformis	 Initial	 	

0.067	
<0.001	

	 	 Transition	 <0.001	
	 	 Glacial	 <0.001	
	 G.	puncticulata	 Initial	 	

0.336	
0.245	

	 	 Transition	 <0.001	
	 	 Glacial	 <0.01	

 

Table 4.5  p-values of the Wilcoxon rank-sum test performed on the angles θ of 

both Globoconella puncticulata and T. crassaformis and a set of 

randomly generated vectors. 

Species	 Phase	 p-value	 (Wilcoxon	 rank	
sum	test)	

G.	puncticulata	 Initial	 0.037	
	 Transition	 0.283	
	 Glacial	 0.020	
	 All	 0.007	
T.	crassaformis	 Initial	 0.582	
	 Transition	 0.003	
	 Glacial	 0.020	
	 All	 0.003	
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phase as a categorical explanatory variable, see Table 4.4. In T. crassaformis the 

evolutionary allometry over the entire studied interval (Figure 4.5c, black line) is 

comparable to the species’ phase-specific evolutionary allometries (p<0.01, see 

Table 4.4. G. puncticulata on the other hand shows a strong negative slope 

(p<0.001) comparable to the Transition Phase allometry, but in contrast to the 

evolutionary allometries in the Initial and Glacial Phase and most of the within-

population allometries. This allometric breakdown implies that, for this species 

on the verge of extinction, within-population and short-term evolutionary 

allometries do not predict long-term allometric trends during times of climatic 

upheaval. 

The distribution of the angles θ between p
max

 and the direction of evolutionary 

divergence z are significantly smaller than angles drawn from a random 

distribution for both species (Wilcoxon rank sum test, p<0.01 and p<0.005 for G. 

puncticulata and T. crassaformis, respectively; Figure 4.5, Table 4.5). Despite 

their qualitatively different dynamics (Figure 5), the predictability of phenotypic 

change based on p
max

 does not differ between the two species (paired Wilcoxon 

rank sum test, p=0.78). When analysed separately the angles within separate 

climate phases occasionally deviate from this pattern. In T. crassaformis the 

angles in the Initial Phase are not significantly different from the randomly 

generated angles (Wilcoxon rank sum test, p=0.58, Table 4.5), whereas the angles 

in both the Transition and Glacial Phase are significantly smaller than expected by 

chance alone (Wilcoxon rank sum test, p<0.05 and p<0.001 respectively, Table 

4.5) implying that the predictability of phenotypic change increases after the 

intensification of Northern Hemisphere glaciation. In G. puncticulata the angles θ 

are significantly smaller than the randomly generated angles in both the Initial 

and Glacial Phases (Wilcoxon rank sum test, p<0.05, Table 4.5), whereas no 

significant difference was detected in the Transition Phase (Wilcoxon rank sum 

test, p=0.283, Table 4.5). θ does not vary systematically with the within-sample 

size and shape covariance (linear regressions, p>0.05), implying that large 

phenotypic correlations do not increase the predictability of the lines of least 

resistance. 
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Figure 4.5 Sample means of size and shape for a) Truncorotalia crassaformis 

and b) Globoconella puncticulata with colours indicating the climate phases 

(Initial Phase: red, Transition Phase: yellow, Glacial Phase: blue). Within-population 

(dashed lines) and evolutionary allometries within climate phases (coloured solid 

lines) and over the entire study interval (solid black line) for c) T. crassaformis 

and d) G. puncticulata. In both species short-term evolutionary allometries are 

significantly different from the long-term evolutionary allometries (ANOVA, 
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p<0.001 for both species). Angles between predicted (p
max

) and observed (z) one-

step evolutionary change for e) T. crassaformis and f) G. puncticulata. Dashed 

lines indicate the expected frequency of angles when drawn from a random 

distribution. Angles are significantly smaller than expected from a random 

distribution for both species (Wilcoxon rank sum test, p<0.01 for both species, 

see Table 4.5 for phase-specific p-values). 

 

4.5 Discussion 

4.5.1 Allometries within climate phases 

Despite low within-population (static) allometric slopes, long-term evolutionary 

change occurs preferentially along the within-population allometric lines of least 

resistance, a finding which is consistent with results of studies on generational 

(Schluter, 1996) and macroevolutionary time scales (Hunt, 2007; Renaud et al., 

2006). In T. crassaformis the angles θ between the directions of predicted (p
max

) 

and observed (z) evolutionary change are significantly smaller than expected by 

chance, implying that the lines of least resistance, to some extent, predict 

phenotypic change of this species through time. Traits are best described by a 

Random Walk (Table 1), and in all cases Lynch’s Delta values indicate stabilising 

selection. It may seem counterintuitive that trait evolution is consistent with both 

a Random Walk and stabilising selection, but stabilising selection could maintain 

a population near a non-stationary adaptive peak. Using the divergence data 

compilation by Gingerich (2001), Estes and Arnold (2007) showed that such a 

displaced optimum had the highest explanatory power among multiple 

competing models of phenotypic evolution. If the optimum shifts, stabilising 

selection will attempt to drag the population towards the new peak (Estes and 

Arnold, 2007). Assuming the optimum shifts according to a Random Walk, we 

would expect the sample means to oscillate on or close to p
max

 but with zero net 

overall change rather than a directional pattern. Note that the random walk 

models (Table 1) are univariate, whereas here each foraminifera is conceptualized 

as bivariate when testing allometric constraints on the predictability of p
max

. 

Within each climate phase the phase-specific evolutionary allometries match the 

within-population allometries, implying that within-population allometries can 

predict evolutionary allometries over time-steps spanning ~100,000 years. In G. 

puncticulata evolution occurs significantly close to p
max

 in the Initial and Glacial 
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Phases. However, this pattern breaks down during the Transition Phase when the 

species’ angles between z and p
max

 are randomly distributed (Table 4.5) and the 

within-population allometric slopes are highly variable (Figure 4.5d, yellow lines; 

4F, yellow bars). In this interval the species shifts from large and square-shaped 

shells to smaller and more rectangular shells (Figure 4.5b), resulting in a strongly 

negative phase-specific evolutionary allometry (Figure 4.5d, dashed and solid 

yellow lines). 

The primary reduction in size of G. puncticulata occurred during MIS G6, the 

first major glacial in the Transition Phase. MIS G6 marks the onset of significant 

widespread glaciation in the Northern Hemisphere (NHG) (Bailey et al., 2013) and 

a time of profound oceanographic change in the North Atlantic (Lang et al., 2016; 

Naafs et al., 2012). At Site U1313, sea surface temperature fell by ~6 °C as 

compared to the preceding interglacial stage (Friedrich et al., 2013; Naafs et al., 

2010) and major increases occurred in cold stage (glacial) surface ocean primary 

productivity and North American-sourced aeolian dust deposition, delivering 

nutrients to the oligotrophic surface waters of the North Atlantic Subtropical Gyre 

(Lang et al., 2014; Naafs et al., 2012). It is possible, therefore, that trait response 

to new environmental pressures over-rode internal evolutionary constraints 

(Beldade et al., 2002), forcing the fitness peak of the adaptive landscape in 

morphospace (Arnold et al., 2001) to shift to trait combinations better adapted to 

glacial environments. The best supported mode of size evolution shifts from 

Stasis in the Initial Phase to a Random Walk in the Transition Phase, implying that 

this phenotypic change is driven by a new selection regime in the Transition 

Phase. Although there may be a role for directional evolution during parts of the 

Transition Phase, no strong evidence was provided for Directional Selection over 

the whole interval or within each phase.  No significant correlation was detected 

between G. puncticulata size or shape and on-going high-latitude climate 

approximated by the global benthic δ18O stack (Lisiecki and Raymo, 2005)  (Figure 

4). However, local environmental change associated with iNHG in the surface 

ocean might have crossed a critical threshold for the species. Planktonic 

foraminifera species have very specific temperature ranges for optimum growth 

(Lombard et al., 2011; Lombard et al., 2009) and the decrease in temperature 

associated with MIS G6 could have reduced the growth potential for G. 

puncticulata. Although climate shifted back to an interglacial state following MIS 

G6, the decrease in size also meant a loss of maximum size variance because the 

two covary, and the interglacial environmental conditions did not last long 

enough for the species to regain their initial maximum size. The species’ 
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extinction at 2.41 Ma has been linked to iNHG (Chapman et al., 1998; Scott et al., 

2007; Wei, 1994a), further pointing to a higher species-specific sensitivity to 

glacial conditions. However, the impact of global environmental change on the 

species’ extinction remains to be tested among multiple populations living under 

different environmental conditions. 

The increase in shell aspect ratio and its covariance with size is more 

challenging to explain. Smaller shell size reduces drag and increases settling 

velocity through the water column, making it more difficult for individuals to 

retain their preferred depth habitat. The changes in shell shape necessary to 

influence settling velocity are nevertheless smaller (5-6% (Caromel et al., 2014)) 

than the typical intraspecific variation observed (25-50% (Schmidt et al., 2004a)), 

while the settling velocities reported by Caromel et al. (2014) imply that shells 

would sink below the thermocline in several hours regardless of shape, implying 

that active buoyancy regulation by the individual, for example through the 

extensive pseudopodial network determines its position in the water column. 

Although it is possible that a decrease in mean shell size requires an attendant 

flattening of shell shape to facilitate maintenance of position in the water column, 

the covariation between size and shape within samples is often weak, implying 

limited effects of trait covariation on buoyancy. 

Alternatively, we might hypothesize that the change in population trait 

means during the Transition Phase reflects widespread migration of 

morphologically distinct populations. Surface ocean currents in the North Atlantic 

Ocean are proposed to have undergone major reorganisations from ~2.7 Ma 

(Naafs et al., 2010). A southward shift of the North Atlantic Current (NAC) could 

have transported populations of G. puncticulata previously restricted to sub-polar 

regions into the mid latitudes. It has been suggested, based on dinoflagellate 

assemblage work, that the NAC was deflected south of Site U1313 only from MIS 

104 onwards (Hennissen et al., 2014). However, a study of foraminiferal calcite 

geochemistry proposes that the position of the NAC probably lay well north of 

Site U1313 during the Late Pliocene to Earliest Pleistocene (Friedrich et al., 2013), 

implying a maintained position of Site U1313 in the North Atlantic Gyre with little 

changes in surface water currents. Regardless, changes in surface water currents 

are suggested to have occurred mainly during glacials, with currents returning to 

previous conditions during interglacials (Naafs et al., 2010). Thus, if migration of 

morphologically distinct populations of G. puncticulata was responsible for the 

changes in trait means reported here, we would expect to observe alternating 
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changes in morphology tracking the more intense (inter)glacial cycles during the 

Transition and Glacial Phases and a strong overall correlation between climate 

and traits, which is not the case (Figure 4.2c,d, Figure 4.4). 

4.5.2 Allometries among climate phases 

In T. crassaformis the phase-specific evolutionary allometries change from 

positive in the Initial Phase, to negative in the Transition Phase to almost neutral 

in the Glacial Phase (Figure 4.5c). Although all phase groups of evolutionary 

allometric slopes are significantly different, they are comparable in magnitude. 

The evolutionary allometry over the entire studied interval corresponds well with 

the phase-specific evolutionary and within-population allometries, implying that 

in T. crassaformis, within-population allometries predict evolutionary allometries 

on various time scales, despite pronounced global climate upheaval. In G. 

puncticulata the evolutionary allometries in the Initial and Glacial Phases have 

similar slopes but different intercepts, with both phases bridged by the stronger 

negative allometry in the Transition Phase (Figure 4.5d). However, sample means 

are characterised by decreasing size and increasing aspect ratios, with largest 

and most square-shaped shells in the Initial Phase and smallest, most rectangular 

shells in the Glacial Phase, which is reflected by a strong negative evolutionary 

allometry over the entire interval. Because the long-term evolutionary allometry 

deviates from the within-population and phase-specific evolutionary allometries, 

these results imply that environmental change can override allometric 

relationships over time. 

4.5.3 General evolutionary implications 

Projecting our bivariate size-shape matrices evokes Raup's seminal ammonoid 

morphospace (1966), which uses trait frequencies as fitness surrogates to 

provide a good approximation of the adaptive landscape under a consistent 

selective regime (Arnold et al., 2001). Our time-averaged samples obfuscate 

generation-by-generation selection estimates by amalgamation, yet do estimate 

the fitness optimum when the conditions are stable. The predictive ability of the 

lines of least resistance (Figure 4.5e,f) infers a non-symmetric ellipsoidal fitness 

peak, upon which the species oscillates. Our calculations of Lynch’s Delta reject 

drift as the dominant evolutionary mode for both traits in both species. Despite 

the co-occurrence of the shift in G. puncticulata size with the intensification of 

Northern hemisphere glaciation (Bailey et al., 2013), there is no evidence to 
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suggest that either of our two species evolves on a fine scale in response to 

Northern hemisphere climate cycles inferred from benthic δ18O. Taken together, 

these two results imply a role for stabilizing selection either maintaining species 

location around a fitness peak in the Initial and Glacial phases, or pulling the 

species towards a “displaced optimum” (Estes and Arnold, 2007) during the 

Transition Phase. The two optima for G. puncticulata form an apparent ridge in 

the evolutionary allometry when viewed across the whole interval (Figure 4.5d), 

but this feature is attributable to sampling through heterogeneous environmental 

conditions and the associated breakdown of within-population and evolutionary 

allometries among phases. This discrepancy between evolutionary and within-

population allometry contrasts with recent results on over 300 animal taxa (Voje 

et al., 2014) and fossil rodents (Firmat et al., 2014), but neither of these studies 

sampled through a major climate transition. The phenotypic covariance might be 

maintained by the evolutionarily constraining mechanisms of allometries (Pélabon 

et al., 2014), by a particular environmental context, or a combination of both. The 

generality of when a changing environmental context prompts a reconfiguration 

of the relationship between within-population and evolutionary allometries 

remains to be tested across species with different macroevolutionary fates, 

spatial locations and allometric strengths. 

 

4.6 Conclusion 

The results presented in this chapter show that under constant environmental 

variability the within-population allometric lines of least resistance predict 

evolutionary allometries on microevolutionary time scales. However, in one of the 

studied species the evolutionary allometry shifted away from the within-

population allometries across intervals marked by pronounced climate upheaval. 

We suggest that changed environmental conditions related to the intensification 

of Northern Hemisphere Glaciation pushed this species off its peak on the 

adaptive landscape, away from the direction of intraspecific phenotypic variation. 

Intraspecific variation left a clear signature on evolutionary change from one time-

step to the next in both species studied (Figure 5), but the generality of when 

phenotypic covariance interacts with environmental perturbation, and how this 

interaction links to longer-term microevolutionary trends and macroevolutionary 

phenomena, remains to be tested.  
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Chapter 5: Temperature is a poor proxy for 

synergistic climate forcing of plankton 

evolution 

This chapter is a reproduction of a manuscript that is currently in review at 

Proceedings of the Royal Society B as: Brombacher, A., Wilson, P.A., Bailey, I., 

Ezard, T.H.G. Temperature is a poor proxy for synergistic climate forcing of 

plankton evolution. 

 

 

5.1 Abstract  

Changes in biodiversity are often linked to climate change, usually represented by 

global temperature. A global environmental driving mechanism of biodiversity is 

implied by the strong correlation between the Cenozoic diversity patterns of a 

wide variety of fauna and flora and changes in global climate as recorded by the 

oxygen isotope composition of benthic foraminifera. Yet climate consists of many 

interacting variables, and species likely respond to the entire climate system as 

opposed to individual variables. Here, both ecological and morphological traits of 

12,629 individuals of two species of planktonic foraminifera are used with similar 

ecologies but contrasting evolutionary outcomes to show that phenotypic and 

ecological changes are indeed driven by the interactions of multiple 

environmental factors. Models including interactions among climate variables 

explain at least twice as much variation in changes in size, shape and ecological 

abundance than models assuming that climate parameters operate independently 

of each other. No dominant climatic driver can be identified and temperature 

alone explains remarkably little variance, implying that a new approach is 

required to understand evolutionary response to abiotic forcing. Our results show 

that successful reconstruction of paleobiological dynamics will require multiple 

ecological and evolutionary metrics. 
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5.2 Introduction 

Changes in biodiversity are often linked to climate change, usually temperature. 

Phanerozoic species richness covaries with global temperature (Erwin, 2009; 

Mayhew et al., 2008), and Cenozoic diversity patterns of mammals (Blois and 

Hadly, 2009; Figueirido et al., 2012), plants (Jaramillo et al., 2006; Nyman et al., 

2012), insects (Nyman et al., 2012) and plankton (Ezard et al., 2011; Lazarus et 

al., 2014) correlate with the high latitude climate signal recorded in the δ18O 

composition of benthic foraminifera (Zachos et al., 2001), implying a global 

environmental driving mechanism of biodiversity, or a common driver of 

temperature and biodiversity. Yet climate consists of many interacting variables, 

and species likely respond to the entire climate system as opposed to separate 

variables: Harnik et al. (2012) argued that simultaneous changes in multiple 

environmental parameters drove most Phanerozoic extinction events, while Garcia 

et al. (2014) show increased threats on modern biodiversity when incorporating 

multiple dimensions of climate change. However, the impacts of synergistic 

climate effects – the extent to which the impact of abiotic forcing is 

underestimated when only single environmental factors are assessed – on within-

species evolutionary change remain largely unknown.  

To understand the driving mechanisms of biodiversity over long time scales 

we need to study evolutionary change at the species level (Arnold et al., 2001; 

Erwin, 2000). To accurately quantify the link between long-term (>10,000 years) 

species evolution and climate change, both high-resolution fossil records of 

multivariate species evolution and reconstructions of multiple local environmental 

parameters are needed. However, such data sets are rarely available. One of the 

few mediums on which multivariate evolutionary and environmental change can 

be determined at high temporal resolution is the marine fossil record of 

planktonic foraminifera. The excellent preservation of this group in deep-sea 

sediments permits direct comparison of biotic change to high-resolution records 

of climate and evolution reconstructed from the same marine sediment cores. 

Several studies have shown individual species’ responses to sea surface 

temperature (Edgar et al., 2013; Wade and Pearson, 2008), but also to 

productivity (Wade, 2004) and ocean stratification (Wade and Pearson, 2008; Wei 

and Kennett, 1986). However, none of these studies analysed the ecological and 

evolutionary impacts due to the interplay of multiple climate drivers. 
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Here I study species’ response to multivariate climate change during the last 

great climate transition in Earth’s history: the late Pliocene to earliest Pleistocene 

intensification of Northern Hemisphere glaciation (iNHG, 3.6-2.4 Ma) (Mudelsee 

and Raymo, 2005). This interval was characterized by major reorganizations of 

the global climate system. Global atmospheric CO
2
 concentrations (Martínez-Botí 

et al., 2015) dropped below the ~280 μatm threshold for extensive NHG (DeConto 

et al., 2008) between 2.9-2.7 Ma (Figure 5.1c). By 2.7 Ma continental ice-sheets 

had expanded significantly on Greenland, Scandinavia and North America as 

evidenced by the onset of widespread ice-rafted debris deposition in high 

northern latitude oceans (Bailey et al., 2013; Shackleton et al., 1984) and an 

increase in the amplitude of glacial-interglacial cycles as recorded in the oxygen 

isotope record (δ18O) from benthic foraminifera (to >0.5‰) from Marine Isotope 

Stage (MIS) G6 (2.7 Ma) onwards (Figure 5.1a,b). In the North Atlantic Ocean this 

transition to deeper glacials was associated with (i) early incursions of southern-

sourced deep waters (Lang et al., 2016), (ii) a major intensification of dust flux 

from North America carried on the westerly winds (Lang et al., 2014; Naafs et al., 

2012), and (iii) increases in glacial primary productivity (Lawrence et al., 2013; 

Naafs et al., 2012) (Figure 5.1d,e). Modern studies of productivity in the 

Subtropical Gyre of the North Atlantic (Moore et al., 2006) show that iron supplied 

by eolian dust is an important factor controlling the dynamics of the spring 

bloom in this region today, although the possibility that water mass 

reconfigurations helped to drive these changes in productivity in the Late Pliocene 

North Atlantic Ocean cannot be ruled out (Naafs et al., 2012). Together, these 

environmental changes likely had a major impact on life in the marine realm 

(Jackson and Johnson, 2009). To quantify the combined effects of changes in 

temperature, primary productivity, dust input and atmospheric CO
2
 on evolution 

during iNHG, I employ multivariate statistical techniques to compare ecology 

(abundance Figure 5.1g) and morphology (size and shape, Figure 5.1h,i) of 

12,629 specimens of the ecologically similar planktonic foraminifera species 

Globoconella puncticulata and Truncorotalia crassaformis (Figure 1.1) to records 

of North Atlantic climate all generated on samples taken from Integrated Ocean 

Drilling Program (IODP) Site U1313 (~41˚ N) (Figure 1.2). T. crassaformis survived 

the onset of iNHG and is still alive today, whereas G. puncticulata became extinct 

shortly after 2.41 million years ago (Ma) (during MIS 96 (Wei, 1994b)). These 

foraminifera provide an opportunity to study species’ responses to multivariate 

climate change under contrasting evolutionary outcomes. 
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Figure 5.1 Environmental reconstructions and morphology of two planktonic 

foraminifera species at IODP Site U1313: Oxygen isotopes from the 

Lisiecki and Raymo (2005) benthic stack (a,b, black lines) and Site 

U1313 (Bolton et al., 2010) (b, grey line), atmospheric CO
2
 

reconstructed at ODP Site 999 by Martínez-Botí et al. (2015) (c), 

productivity (d), eolian input (e) and sea surface temperature (f) by 

Naafs et al. (2012), abundance (g) of Globoconella puncticulata (red) 



Chapter 5: Synergistic climate drivers of evolution 

65 

and Truncorotalia crassaformis (blue) (this study), and size (d) and 

shape (e) of G. puncticulata and T. crassaformis (Brombacher et al.). 

Key glacial stages are indicated by grey bars. 

 

5.3 Methods 

5.3.1 Study species 

Truncorotalia crassaformis and Globoconella puncticulata (Figure 1.1) are two 

ecologically similar species characterised by low trochospiral shells with flattened 

spiral sides, inflated umbilical sides and umbilical-extraumbilical apertures 

(Kennett and Srinivasan, 1983) and inhabit thermocline waters at middle and low 

latitudes (Aze et al., 2011; Kennett and Srinivasan, 1983). T. crassaformis 

originated around 5.7 Ma and survives to the present day. G. puncticulata first 

appeared around 4.6 Ma and became extinct at 2.41 Ma (Wei, 1994b), shortly 

after the onset of significant Northern Hemisphere glaciation at 2.72 Ma (Bailey et 

al., 2013). Our 500,000-year study interval includes the intensification of 

Northern Hemisphere glaciation (2.72 Ma, (Bailey et al., 2013)) and the first three 

major glacial stages MIS 96, 98 and 100 (Lisiecki and Raymo, 2005), and ends 

with the extinction of G. puncticulata (Wei, 1994b). Three traits are studied: mean 

shell size (area) and shape (aspect ratio) per time slice (data from (Brombacher et 

al.)) and abundance (this study) (Figure 5.1g-i). Abundance and size are indicators 

of ecological success (Hecht, 1976b; Schmidt et al., 2004a): abundance indicates 

reproductive success, and size indicates the (absence of) limiting factors on 

growth. Shell shape controls the area: volume ratio which influences respiratory 

processes.  

5.3.2 Study site 

IODP Site U1313 is located in the mid latitude North Atlantic Ocean at the base of 

the upper western flank of the Mid-Atlantic Ridge at a water depth of 3426 m 

(41 °N, 32.5 ‘W), on the northern edge of the North Atlantic Subtropical Gyre 

(Figure S2). The Site U1313 record is characterised by consistently high 

sedimentation rates (~5 cm/kyr) for the past 5 Myr (Channell et al., 2006a; 

Lisiecki and Raymo, 2005), a demonstrably continuous record of sedimentation 
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for iNHG (Bolton et al., 2010) and exceptionally well-preserved microfossil 

carbonate (Lang et al., 2014).  

I used 75 samples (every 30 cm, i.e. ~5-kyr-resolution) that follow the 

shipboard primary splice studied originally by Bolton et al. (2010). For age 

control, I used the orbital-resolution benthic foraminiferal oxygen isotope (δ18O) 

stratigraphy for Site U1313 generated by Bolton et al. (2010). The samples were 

dry-sieved over a >150 μm2 mesh sieve and split using a microsplitter until a 

single split contained 70-150 specimens of T. crassaformis or G. puncticulata. To 

avoid size bias all individuals from a single split were analysed, resulting in a 

total of 12,629 individuals (6058 specimens of T. crassaformis and 6575 of G. 

puncticulata) over the studied interval. The total number of specimens in the 

sample was estimated by multiplying the number of individuals found by the split 

fraction, and abundance (represented as accumulation rates) was calculated as 

the number of individuals divided by the coarse fraction weight, divided by the 

total time in the sample. Trait data are deposited in the Figshare repository at 

https://figshare.com/s/9db6657150242fb8a593. 

Several published orbitally resolved environmental reconstructions are 

available for Site U1313, including a mean annual sea surface temperature record 

based on the saturation index of C
37

 alkenones, Uk’

37
 (Naafs et al., 2012), n-alkane 

accumulation rates representing productivity (Naafs et al., 2010) and terrestrial 

plant leaf wax fluxes linked to eolian input of North American dust (Naafs et al., 

2012). Naafs et al. (2012) generated two plant wax records, one using n-alkanes 

and the other C26-alkan-1-ol chains. Both records are highly correlated (Linear 

Model, R2 = 0.91 and p < 0.001) and argued to be from a common North 

American origin (Naafs et al., 2012). Here I use the n-alkanes record as its values 

are higher by a factor ~1.5 as compared to the C26-alkan-1-ol-based record, 

providing the highest signal: noise ratio. Biotic responses were compared to the 

site-specific reconstructions of sea surface temperature, productivity and dust 

input (Naafs et al., 2012; Naafs et al., 2010), as well as a reconstruction of global 

atmospheric CO
2
 concentration (Martínez-Botí et al., 2015) to represent 

environmental conditions (Figure 5.1c-f). All parameters would have directly 

influenced individual foraminifera during their lifetime: species prefer specific 

temperature ranges (Lombard et al., 2011; Lombard et al., 2009) and productivity 

regimes (Hemleben et al., 1989), and ocean pH influences calcification potential 

(Hemleben et al., 1989). 
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5.3.3 Analysis 

Since the environmental reconstructions of Site U1313 and the foraminifera trait 

data were generated using different sample sets, the climate data point ages are 

offset relative to the foraminifera samples. Generalised Additive Models (GAMs) 

were employed to interpolate the climate parameters to the ages of the 

foraminiferal samples. First the individual climate records were smoothed using a 

GAM, and the value at the age of the foraminifera samples was estimated using 

the smoothed curve (Figure 5.2). The biotic data were then compared to the 

interpolated climate records using multivariate statistical techniques. Principle  
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Figure 5.2  Generalised Additive Models (GAM) used to interpolate values of 

sea surface temperature (a), productivity (b), eolian dust input (c) 

and atmospheric CO
2
 concentration (d) at the ages of the 

foraminifera samples from Site U1313 (internal tick marks on x-

axis). Original data points are denoted by open circles, with solid 

and dashed lines representing the GAM and 95% confidence 

interval respectively. Estimated values are indicated by red circles. 
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  Figure 5.3  Covariances between pairs of environmental variables. For most 

parameter combinations the correlation coefficients are not 

constant through time. 
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Component Analysis is most often used to describe the combined effects of 

multiple parameters on biotic change, however this method requires constant 

covariance between the abiotic parameters over time, which was not the case in 

our study interval (Figure 5.3). Therefore, Generalised Linear Models (GLM, with a 

Poisson error function for the abundance data and square root link function and μ 

error function [variance increasing linearly with the mean] for the morphological 

traits)) were used instead to compare trait variance to all environmental variables 

and their two-way interactions (Figure 5.4). Trait variance explained by individual 

parameters was calculated as the variance explained by the full model (up to an 

including all two-way interactions), minus the variance explained by the model 

with each parameter removed. Another GLM without the two-way interactions 

between abiotic variables was compared to the full model to quantify the 

synergistic effects of interactions among climate variables on evolutionary 

change.  

To assess the effects of using mean data as opposed to individual 

measurements per time slice the GLMs were repeated using the individual data of 

size and shape. The extra variance introduced by analysing individual data as 

opposed to means reduces the amount of variance explained by the 

environmental parameters to ~20%, but the overall patterns remain the same 

(Figure 5.5). As the response in abundance (one value per time slice) can only be 

compared to trait means, the GLM results based on mean values per time slice 

were used throughout this study. 

 

5.4 Results 

After using non-parametric Generalised Additive Models to harmonise time 

samples among all climate variables (Figure 5.2), mean trait records were 

compared to records of sea surface temperature, productivity and dust input from 

the same site (U1313), as well as to a global reconstruction of atmospheric pCO
2
 

concentration (Figure 5.4) using Generalised Linear Models (GLMs). All traits are 

best described by the combination of all studied environmental parameters and 

their interactions (Figure 5.4). The models including all variables and their two-

way interactions explain 30-50% of the variance in all traits (Figure 5.4a, c-f), 

except for size in T. crassaformis (10%) (Figure 5.4b). In contrast, individual 

climate proxies only explain 0-30% of the variance in traits. The total model  
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Figure 5.4  Variance explained in size (a,b), shape (c,d) and abundance (e,f) 

of Globoconella puncticulata (red) and Truncorotalia crassaformis 

(blue) from North Atlantic Site U1313 (41˚N) by the 

environmental parameters and their interactions using sample 

size and shape means.  
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Figure 5.5  Variance explained in size (a,b), shape (c,d) and abundance (e,f) of 

Globoconella puncticulata (red) and Truncorotalia crassaformis 

(blue) of Site U1313 by the environmental parameters and their 

interactions, using individual measurements of shell size and shape. 



Chapter 5: Synergistic climate drivers of evolution 

72 

including all two-way interactions provides a significantly better fit to the data 

than the additive model without the interactions for all traits in G. puncticulata, 

and shape and abundance in T. crassaformis (ANOVA, p < 0.001 for size and 

shape in both species, and p < 0.05 for G. puncticulata size). Responses also vary 

among traits. In both species, abundance and shape respond more strongly to  

environmental forcing than size (Wilcoxon signed rank test, p < 0.01 for G. 

puncticulata abundance and T. crassaformis shape and abundance, and p < 0.05 

for G. puncticulata shape). No difference is detected between the responses of 

shape and abundance in either species (Wilcoxon signed rank test, p = 0.08 and  

p = 0.81 for G. puncticulata and T. crassaformis respectively). No single 

parameter is found to dominate evolutionary response in all studied traits: size 

and shape of G. puncticulata are best explained by eolian dust input, whereas 

this species’ abundance responds most strongly to changes in primary 

productivity. Sea surface temperature best explains variance in the size and 

abundance in T. crassaformis, and its shape is most strongly correlated to 

atmospheric CO
2
 concentration. Overall, sea surface temperature is only the third 

ranked parameter in its contribution to explaining evolutionary change, behind 

eolian input and productivity. 

 

5.5 Discussion 

Our results show that the amount of morphological and ecological variation 

explained is highest when studied including interactions among multiple 

environmental parameters. These results imply that species’ response to climate 

change can be underestimated when only single variables are used: here the 

apparent species’ responses to their environment decreases by a factor ~2 if only 

single variables are considered (Figure 5.4). Our findings are consistent with 

short-term studies of modern populations that show increased mortality as a 

response to multiple environmental stressors (Brook et al., 2008; Godbold and 

Solan, 2013; Sodhi et al., 2008), as well as macroevolutionary research into the 

abiotic drivers of mass extinctions (Harnik et al., 2012). The response to 

individual parameters varies among traits. No single parameter best explains the 

variance in all records. Our results caution against the use of one environmental 

parameter to represent global climate while studying biodiversity response to 
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abiotic change, because a single parameter likely only explains a minor part of a 

species’ overall response (Figure 5.4). 

Our results generate an appropriately multi-faceted picture of abiotic 

forcing, and suggest strongly that (sea surface) temperature alone is a poor proxy 

for environmental change that impacts temporal ecological and evolutionary 

changes. These results contrast with a recent study by Fenton et al. (2016), who 

used the same system to show the dominance of temperature in shaping 

ecological processes across space. Our results imply that spatial abiotic drivers 

(Fenton et al., 2016) do not directly translate to those operating through time, 

supporting hypotheses that spatial variation is not a suitable substitute for 

temporal change and that fossil data are required to accurately reconstruct 

biodiversity dynamics over long time scales (Fritz et al., 2013; Quental and 

Marshall, 2010).  

Neither species’ responses are truly synergistic, because response to the 

total model describes less trait variance than the sum of the responses to single 

climate variables. These results are consistent with the findings of Darling and 

Côté (2008), who reviewed 112 published mortality experiments and found only a 

third showed synergistic responses to external drivers. In our case, the species’ 

antagonistic responses (total response < sum of response to individual 

parameters) to abiotic change could be explained by a common driving 

mechanism underpinning the studied environmental variables. Late Pliocene 

North Atlantic sea surface temperature, productivity, aeolian dust input and CO
2
 

are strongly linked to iNHG (Martínez-Botí et al., 2015; Naafs et al., 2012; Naafs 

et al., 2010), resulting in similar trends in each record (Figure 5.1c-f) that add 

little extra variance explained in the biotic records. Depending on its ecological 

preferences, a species could respond to parameters in opposite ways: a positive 

response to an increase in one variable and a negative response to increase in 

another could lead to little net effect when both variables increase, decreasing the 

variance explained by the total model. However, despite this correlation the 

explanatory power of the total model increases when multiple variables are 

incorporated.  

The unexplained variance could be attributable to several factors. Firstly, 

planktonic foraminifera have a life span of a few weeks (Hemleben et al., 1989). 

Individuals living in different seasons in the mid-latitude Atlantic Ocean 

experience temperature differences of up to 6-7 degrees Celsius (NASA, 2016). 

Such variability is comparable to mean annual Late Pliocene – Early Pleistocene 
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glacial-interglacial SST changes at our study site (Friedrich et al., 2013; Naafs et 

al., 2010) (Figure 5.1f) and plastic responses to these seasonal differences could 

increase trait variance. Secondly, some of the observed trait variance could be 

caused by migration of morphologically different populations from other 

locations. Changes in surface water currents in the North Atlantic are driven by 

the position of the polar front during glacials, but those changes are not 

maintained across successive glacial-interglacial cycles (Naafs et al., 2010). Thus, 

if the changes reported here were caused by migration of morphologically distinct 

populations, we would expect the observed changes in morphology to track most 

strongly the prominent (inter)glacial cycles that characterise our study interval, 

which is not the case (Brombacher et al.). Finally, abundance and shell shape 

responded more strongly to the studied environmental variables than shell size, 

but in reality traits are often not independent (Lande, 1979; Lande and Arnold, 

1983). Such covariation can constrain evolutionary responses to environmental 

drivers (Agrawal and Stinchcombe, 2009). Climatic upheaval can disrupt the 

covariation between traits (Brombacher et al.), emphasising the need for 

comprehensive understanding of abiotic catalysts for biotic change. 

 

5.6 Conclusion 

The results presented in this chapter show that evolution responds to multivariate 

environmental change, particularly the interactions among distinct parts of global 

climate. No single variable was identified that best explained evolutionary change 

in all studied traits of both foraminifera species, implying that evolutionary 

response to environmental change is likely to be underestimated when only single 

variables such as temperature are used to represent global climate. In our study 

temperature is not even the most important single climate variable accounting for 

evolutionary change. Responses also varied among morphological and ecological 

traits, suggesting trait-specific sensitivities to environmental change. Our results 

imply that use of local temperature as a single variable to test for biotic response 

to climate change severely underestimates biotic response and that successful 

reconstruction of eco-evolutionary dynamics in deep time requires multivariate 

explanatory and response variables. 
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Chapter 6: Spatial variation does not predict 

temporal dynamics among 29,438 

planktonic foraminifera individuals 

This chapter is currently in preparation for submission to Nature Ecology & 

Evolution as: Brombacher, A., Wilson, P.A., Bailey, I., Ezard, T.H.G. Spatial 

variation does not predict temporal dynamics among 29,438 planktonic 

foraminifera individuals. 

 

6.1 Abstract 

To predict biotic responses to future climate change, a common approach is to 

extrapolate species’ responses to current environmental conditions into the 

future. These projections have traditionally been justified by assuming that the 

species’ adaptive potential is similar across its geographical range and that 

environmental variability among contemporary populations is a relevant 

predictive tool. However, no empirical data yet exists to test these assumptions. 

Here, I use the fossil record of planktonic foraminifera to study covariations 

between ecological and morphological traits in 29,438 individuals of the 

ecologically similar species Globoconella puncticulata and Truncorotalia 

crassaformis over 600,000 years spanning the intensification of Northern 

Hemisphere Glaciation. Size and abundance covary tightly at the species level in 

planktonic foraminifera, but within-population temporal dynamics had negligible 

explanatory power for the among-population changes observed. These results 

imply that morphological diversity should be tracked through both space and 

time since one can be a poor substitute for the other. 

 

6.2 Introduction 

Spatial species variation patterns are often used to predict temporal change. 

Methods such as bioclimatic and species diversity models (reviewed in (Guisan 

and Zimmermann, 2000)) integrate present-day species occurrence and 

abundance data, and model species’ response to past (Kitchener and Dugmore, 
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2000; Ruegg et al., 2006) and future (Huntley et al., 1995; Thomas et al., 2004; 

Thuiller et al., 2005) climatic conditions. These models assume strongly that 

species’ responses to environmental change are comparable across space and 

through time. However, populations are likely to encounter biotic and abiotic 

pressures that vary as a function of location throughout the species’ range, 

causing differences in adaptation potential across populations. Different adaptive 

pressures have been shown to act on populations living at the edge of a species’ 

range relative to those situated well within the range limits (Hargreaves et al., 

2014), implying that these populations likely respond differently when faced with 

the same environmental conditions. Additionally, biotic interactions of 

competition and predation strongly influence spatial model results (Davis et al., 

1998; Van der Putten et al., 2010), and differential evolutionary responses could 

emerge from the same large-scale abiotic driver such as global temperature 

(Ezard et al., 2011). Finally, if future climate projections exceed the range of 

observed environmental conditions it becomes impossible to predict biotic 

response. Therefore, misleading conclusions can be drawn from analyses that use 

spatial species variation as a proxy for expected species response to future 

environmental change.  

Shifts in ecological optima are of particular interest when predicting species’ 

response to future climate change scenarios, since the optimum forms the core of 

a species’ range. Ecological optima are often defined using combinations of 

traits, such as mean population abundance and physiological responses (Fritz et 

al., 2013; Phillimore et al., 2010), or average body size (Schmidt et al., 2004a), 

which indicates the presence or absence of limiting factors on growth. The peak 

in abundance of reproductive adults implies that the species optimum also 

indicates the fitness optimum, as high abundance also points to maximum 

population growth rates. However, no empirical data exists on whether the 

processes that determine among-population differences in fitness also drive 

within-population adaptation through time following environmental change. 

Therefore, the extent to which individual populations follow among-population 

gradients remains unknown (Schmidt et al., 2003). 

Covariations between morphological traits provide another useful tool for 

predicting species variation. Over time selection in one trait can generate a 

response in a covarying trait (Lande, 1979; Lande and Arnold, 1983), which in 

turn impacts the direction of expected evolutionary change (Schluter, 1996). At 

the species level, evolution has been shown to occur along the direction of 
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maximum variation as determined by the covarying traits (Hunt, 2007; Renaud et 

al., 2006; Schluter, 1996). The principles of lines of least evolutionary resistance 

imply that when patterns in population-specific trait covariance align across 

space, all populations should respond similarly when faced with the same 

environmental conditions. In this case spatial trait (co)variation can indeed be 

used to model temporal change. However, different adaptational pressures across 

space could lead to selection of different trait combinations and in turn produce 

varying trait covariation patterns among populations. In this case, spatial 

variation would be a poor predictor for the most likely direction of change among 

populations through time.  

Figure 6.1 Location of study sites and main surface water currents 
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Here, I assemble a dataset of 29,438 individuals of planktonic foraminifera 

from six Atlantic sites spanning ~83˚ of latitude from the Northern Hemisphere 

sub-polar region to the Southern Hemisphere subtropics (Figure 6.1) that were 

deposited from 2.9 to 2.3 million years ago (Ma). This interval featured the last 

great climate transition in Earth history: the late Pliocene intensification of 

Northern Hemisphere glaciation (iNHG) (Mudelsee and Raymo, 2005). Planktonic 

foraminifera are sexually reproducing protists distributed in high abundance 

throughout the world’s oceans. Their large population size, global distribution 

and the excellent preservation potential of their calcite shells allow for 

continuous, high-resolution morphological reconstructions at the population level 

over millions of years. To investigate whether variation within populations 

predicts total species variation through time, I study covariances between 

population abundance, test size and test shape in the ecologically similar species 

Globoconella puncticulata and Truncorotalia crassaformis. If the trait covariations 

among populations line up, all populations are expected to follow the same 

trajectories when faced with similar external drivers. However, if populations 

differ, their predicted responses to external drivers will vary independently. This 

dataset allows us to study whether within- or among population variation is more 

predictive of future trait dynamics during an interval of global climatic upheaval. 

 

6.3 Methods 

6.3.1 Study species 

I study the morphologically and ecologically similar planktonic foraminifera 

species G. puncticulata and T. crassaformis (Figure 1.1). Both were globally 

distributed during the Pliocene, and were most abundant in thermocline waters at 

middle and low latitudes (Aze et al., 2011; Kennett and Srinivasan, 1983). T. 

crassaformis originated around 5.7 Ma and survives to the present day, whereas 

G. puncticulata first appeared around 4.6 Ma and became extinct at 2.41 Ma (Wei, 

1994b), shortly after the onset of significant Northern Hemisphere glaciation, 

2.72 Ma (Bailey et al., 2013). G. puncticulata gave rise to one descendant, 

Globoconella inflata around 3.5 Ma in the southwest Pacific (Wei, 1994a, b). This 

species was initially restricted to the Southern Hemisphere and did not migrate 

north until ~2.09 Ma (Berggren et al., 1995a; Chapman et al., 1998), ~300,000 

years after the extinction of G. puncticulata.  
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6.3.2 Material 

To study within- and among population dynamics six populations of T. 

crassaformis and G. puncticulata are compared over a 600,000-year interval that 

ends with the last local extinction of G. puncticulata at ~2.3 Ma (Wei, 1994b). 

Specimens were picked from sediments recovered from six Atlantic sites 

spanning ~83˚(Figure 6.1): 

 

• Ocean Drilling Program (ODP) Site 981 (Jansen et al., 1996): a sub-polar 

Northern Hemisphere site (55° N) currently situated in the North Atlantic 

Current.  

• Integrated Ocean Drilling Program (IODP) Site U1313 (Channell et al., 

2006b): a mid-latitude Northern Hemisphere site (41° N) situated at the 

northern edge of the North Atlantic Subtropical Gyre during the Late 

Pliocene.  

• Deep Sea Drilling Program (DSDP) Site 606 (Ruddiman et al., 1987): a mid-

latitude Northern Hemisphere site located several degrees south of Site 

U1313 at 37° N, within the North Atlantic Subtropical Gyre. 

• ODP Site 659 (Ruddiman et al., 1988): a subtropical Northern Hemisphere 

site (18° N) situated in the Canary Current near the West African margin. 

• ODP Site 925 (Curry et al., 1995): an equatorial site (3° N) located in the 

Southern Equatorial Current transporting South Atlantic surface waters fed 

from the Benguela Current into the North Atlantic. 

• ODP Site 1264 (Zachos et al., 2004): a subtropical Southern Hemisphere 

site (28° S) located at the eastern edge of the South Atlantic Subtropical 

Gyre in the Benguela Current. Of all studied sites, this is the only one with 

regular occurrences of G. puncticulata’s descendant species G. inflata 

(Zachos et al., 2004). 

 



Chapter 6: Spatial and temporal dynamics 

80 

Samples from ODP Sites 606, 659, 981 and 925 were acquired from the IODP 

Bremen Core Repository in Germany. The samples from IODP Sites 1264 and 

U1313 were originally used in (Bell et al., 2014) and (Bolton et al., 2010) 

respectively. For age control I used previously published age models (Bell et al., 

2014; Bickert et al., 1997; Bolton et al., 2010; Franz and Tiedemann, 2002; Mc 

Intyre et al., 1999; Sikes et al., 1991; Tiedemann et al., 1994) based on tuning of 

site-specific orbital-resolution benthic foraminiferal δ18O stratigraphies to the 

LR04 δ18O stack (Lisiecki and Raymo, 2005). To avoid time averaging of 

foraminifera due to bioturbation, I sampled each site at a minimum depth-

resolution of 15 cm, resulting in 37 samples for Site 981 (every 45 cm, 

corresponding to a ~10 kyr resolution), 75 samples for Site U1313 (every 30 cm, 

corresponding to a ~5 kyr resolution), 36 samples at Site 606 (every 60 cm, 

corresponding to a ~20 kyr resolution), 57 samples at Site 659 (every 60 cm, 

corresponding to a ~10 kyr resolution), 19 samples at Site 925 (every 60 cm, 

corresponding to a ~20 kyr resolution) and 29 samples at Site 1264 (every 15 cm, 

corresponding to a ~20 kyr resolution). Each sample was dry-sieved over a >150 

μm2 mesh sieve and split using a microsplitter until a single split contained 50-

100 individuals of G. puncticulata or T. crassaformis, all of which were picked to 

avoid size biases. For Site 925, occasionally, entire samples had to be picked for 

G. puncticulata due to the species’ low abundance at this site. In total 29,438 

individuals were analysed (16,091 specimens of G. puncticulata and 13,347 of T. 

crassaformis).  

Three traits were studied: abundance, shell size (area) and shell shape 

(aspect ratio, the ratio between shell height and width). Abundance reflects a 

population’s success, shell size has been shown to reflect a species’ ecological 

optimum (Hecht, 1976a; Schmidt et al., 2004a) and shell shape impacts the test 

volume to surface area ratio, influencing respiration and metabolic processes 

(Caromel et al., 2014). Maximum abundance and size indicate a combination of 

peak fitness and absence of limiting factors on growth, which can be used to 

locate a species’ ecological optimum (Renaud and Schmidt, 2003; Schmidt et al., 

2004a), whereas the covariation between size and shape reflects the direction of 

expected evolutionary change in these two traits (Schluter, 1996). Species 

abundance per time slice was calculated by dividing the estimated total number 

of specimens in a sample (the number of individuals found in an analysed split 

multiplied by the split fraction) by the sample’s coarse fraction weight, divided by 

the total time contained in the sample. To measure morphometrics, foraminifera 

shells were mounted on glass slides in groups of 20 individuals using transparent 
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double-sided adhesive tape with the apertures facing upwards. Groups were 

imaged using an Infinity 3 Lumenera camera mounted on an Olympus SZX10 light 

microscope, and shell area and aspect ratio (the ratio between test height and 

width) were extracted from the images using an automated image analysis macro 

in the Image Pro Premier software. Populations’ positions in the species ranges 

(e.g. core, transition or edge) were determined by the size and abundance of 

 

Figure 6.2 Shape (a-b), size (c,d) and abundance (e,f) through time (Myr BP) in 

six Atlantic populations of Globoconella puncticulata. Core 

populations indicates peak abundance and size, whereas Edge 

populations are characterized by lower numbers and smaller sized 

individuals. 
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individuals through time. Populations with largest individuals and highest 

abundance were classified as being in the core of the species’ range, whereas 

smaller populations with reduced shell size are positioned towards the range 

edge.  

 

 

Figure 6.3  Shape (a,b), size (c,d) and abundance (e,f) through time (Myr BP) 

in six Atlantic populations of Truncorotalia crassaformis. Core 

populations indicates peak abundance and size, whereas Edge 

populations are characterized by lower numbers and smaller 

sized individuals. 
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6.3.3 Analysis 

Linear Models were employed to quantify trait covariances between abundance 

and size, and size and shape. To study the strength of trait covariations within- 

and among populations, variance-covariance matrices were constructed for each 

population using sample abundance and mean sample shell size and shape data 

throughout the study interval. Measurements were scaled to unit variance to 

produce values in comparable units. The dominant eigenvectors of these matrices 

(p
max

) describes the direction of maximum variation within a population through 

time, and represents the expected direction of evolutionary change (Hunt, 2007; 

Schluter, 1996). The subdominant eigenvector describes the amount of variation 

in the direction orthogonal to p
max

. Together, the ellipse determined by both 

eigenvectors describes the variation within the population. To test whether the 

direction of maximum variation p
max

 aligns among populations I employed linear 

mixed effect models on the total of all sites’ sample means using the ‘lme4’ 

package (Bates et al., 2014) in R (R Core Team, 2013), with ‘site’ as a random 

effect. Four models were compared: random intercepts and a zero fixed slope 

(m1); random intercepts and a non-zero fixed slope (m2); random slopes and 

intercept with a zero fixed slope (m3); random slopes and intercept with a non-

zero fixed slope (m4). Models with parallel slopes (m1 and m2) support the null 

hypothesis of fixed trait covariation patterns among populations, whereas models 

supporting random slopes (m3 and m4) imply significant differences in trait 

covariation slopes among populations. I tested among models using the AIC, 

which describes the variance explained by the model minus a penalty for 

additional parameters to obtain a parsimonious optimal model. 

 
 

6.4 Results 

Abundance, shell size and shape vary widely across populations of both species 

(Figure 6.2, Figure 6.3). The Northern Hemisphere mid-latitude core populations 

of G. puncticulata (at ODP Site 606 and IODP Site U1313, see Figure 6.1) show 

highest abundance with largest shell size, although a shift in size distribution to 

smaller shells occurs around 2.7 Ma, shortly after the onset of significant 

Northern Hemisphere glaciation (Figure 6.2c,e). Lower abundance and smaller 

shell sizes in both sub-polar (ODP Site 981) and (sub)tropical populations (ODP 

Sites 659 and 925, and IODP Site 1264, Figure 6.2d,f) indicate populations in sub-

optimal conditions. Frequent species disappearances in the tropical population at 
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ODP Site 925 (Figure 6.2f) suggest this population lies closest to the species’ 

range edge. Differences between populations were less pronounced in T. 

crassaformis. Highest abundance and largest shells were found at the Northern 

Hemisphere mid-latitude and southern hemisphere subtropics populations (Sites 

606, 1264 and U1313, Figure 6.3c,e), with smaller and more variable populations 

at the Northern Hemisphere sub-polar, subtropical and tropical sites (Figure 

6.3d,f). 

The Linear Models performed across all sites show significant covariations 

between abundance and size, and size and shape for both species (Table 6.1). 

Results from the Linear Mixed Effect Regressions show that models with site-

specific non-parallel (random) slopes provide a significantly better fit to the data 

 

Figure 6.4  Ellipses determined by the first and second Principle Component 

Axes of trait combinations in all six Atlantic populations of 

Globoconella puncticulata (a,b) and Truncorotalia crassaformis 

(c,d). The black lines represent the linear regression through the 

all sites’ time slice means (see Table 6.1 for regression 

coefficients). Parameters of the Linear Mixed Effect Models 

describing model fit with and without random slopes included 

are given in Table 6.2.  
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than models with parallel slopes for both trait covariations in G. puncticulata, and 

the combination of size and abundance in T. crassaformis (Table 6.2, Figure 6.4). 

In both trait combinations studied in G. puncticulata, the models with parallel 

site-specific slopes and a fixed among-population slope (m4) fits the data better 

than the models without among-population slopes (m3) (Table 6.2). Although a 

trend is present between size and shape in T. crassaformis, Mixed Effects 

models, including the site-specific random slopes, did not significantly improve 

the models’ fit to the data.  

 

Table 6.1  Parameters of Linear Models performed on all sites’ means per time 

slice combined. 

 G. puncticulata T. crassaformis 

 R2 p R2 p 

Abundance-size 0.28 <0.001 0.10 <0.001 

Size-shape 0.30 <0.001 0.05 <0.001 

 

6.5 Discussion 

Trait response varies widely across populations of both species, likely as a result 

of site-specific environmental and biotic pressures. Climate is distinctly variable 

by region, so variations in trait combinations across populations could be the 

result of responses, including adaptation, to local environmental conditions. 

Given the number of generations separating each sampling point, the observed 

differences in the patterns of among-population trait covariation likely represent 

the optimal trait expression – a peak on the adaptive landscape (Simpson, 1944) – 

under the prevailing environmental conditions. If all populations’ covariances 

aligned, a shift in the peak of the adaptive landscape (Arnold et al., 2001; 

Simpson, 1944) towards new trait combinations would then leave the entire 

species in suboptimal conditions to which it would take a long time to adapt. In 

contrast, a species with higher among-population variability in trait covariation 

slopes is more likely to contain the necessary trait combinations in at least one 

population to move easily towards the new fitness peak. The remaining 

populations might then be able to catch up either through gene flow or adaption. 
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This way, higher within-species variability in trait covariation patterns increases 

morphological variability, thereby enhancing a species’ evolvability (Hansen and 

Houle, 2008; Hansen et al., 2003). 

 

Table 6.2  AIC scores and p-values of the linear mixed effect models. Model 1 

(m1) represents random intercepts and a zero fixed slope; model 2 

(m2) represents random intercepts and a non-zero fixed slope; 

model 3 (m3) represents random slopes and intercepts, with a zero 

fixed slope; model 4 (m4) represents random slopes and intercepts, 

with a non-zero fixed slope. 

 Model G. puncticulata T. crassaformis 

Traits  Site slopes Total slope AIC p AIC p 

Abundance
-Size 

m1  - zero fixed -372.77  -530.53  

m2 -  Non-zero 
fixed 

-394.58 <0.001 -532.32 0.0514 

m3 random Zero fixed -396.50 <0.05 -547.48 <0.001 

m4 random Non-zero 
fixed 

-400.20 <0.05 -545.72 0.827 

Size-Shape 

m1 - zero fixed -910.35  -782.87  

m2 -  Non-zero 
fixed 

-1026.64 <0.001 -791.41 0.462 

m3 random Zero fixed -1070.23 <0.001 -789.02 1.000 

m4 random Non-zero 
fixed 

-1072.79 <0.05 -787.83 0.367 

 

In three out of four trait combinations studied here, within-population 

variation does not predict among-population patterns on microevolutionary time 

scales (>100,000 years) (Figure 6.4). Earlier results on the covariations between 

size and abundance among foraminifera species show that covariations among 

traits are present across species (Schmidt et al., 2004a), a pattern that is also 

observed here in the covariation of site-specific mean size and abundance of G. 

puncticulata. However, the within-population trait covariations deviate from the 

among-population trend as observable because the population ellipses are not 

parallel. These results suggest that site-specific selection drives alternative 

combinations of traits within populations, and thus alternative orientations of 

fitness peaks on the adaptive landscape. If populations are adapted to site-

specific combinations of environmental parameters, their within-population trait 
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covariances do not therefore necessarily translate directly to populations living at 

other latitudes. These results corroborate earlier work on planktonic foraminifera, 

which showed that different combinations of environmental drivers are 

responsible for ecological and morphological patterns across space (Fenton et al., 

2016) and through time (Brombacher et al., 2017a). 

Through time, local adaptation pressures to biotic and abiotic factors likely 

cause differential population responses to environmental change. During my 

study interval, there was a time transgressive equatorward expansion of the 

subpolar gyres and contraction of the subtropical gyres in response to 

equatorward movement of westerlies (Bolton et al., 2011; Friedrich et al., 2013; 

Naafs et al., 2012; Naafs et al., 2010). This resulted in regional changes in sea 

surface temperature and nutrient concentrations throughout the Atlantic Ocean 

(Herbert et al., 2015; Herbert et al., 2010; Lawrence et al., 2013; Naafs et al., 

2012). If populations are adapted to site-specific combinations of environmental 

parameters, local factors could result in preferential selection of new trait 

combinations, forcing a population away from the larger latitudinal trend 

evidenced through all population means. 

Traits are hypothesised to respond to multiple environmental drivers and 

their interactions (Brombacher et al.), which do not always covary: sea surface 

temperature, for example, scales largely with latitude, whereas nutrient 

availability depends on the presence or absence of upwelling or downwelling, 

river runoff, surface water nutrient usage and aeolian dust input. Additionally, 

populations do not only need to adapt to site-specific mean environmental 

conditions, but also to latitudinally dependent variations in environmental 

variability on orbital (>10,000 years) timescales. The amplitude of local 

environmental variability also increases with latitude: Late Pliocene glacial-

interglacial temperatures in the tropics varied by only 2-3 °C (Lawrence et al., 

2006), as compared to 5 °C in the mid-latitudes [18] and up to 7 °C in the sub-

polar regions [19] of the North Atlantic. Model simulations show that in constant 

environments, and given sufficient among-generation variation, specialist 

strategies are favoured over generalists (Gilchrist, 1995). As the core of the 

studied species’ ranges (i.e. mid-latitudes) is more environmentally stable than 

the margins (sub-polar regions), different ratios of generalists to specialists will 

be selected for.  

Biotic interactions also vary with location, so site-specific competition and 

predation pressures are expected to affect populations differently. The degree of 
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competition directly influences species abundance, and might, by reducing 

nutrient availability for a focal species, also affect body size. Because planktonic 

foraminiferal diversity is lowest in high latitude oceans and highest in the 

nutrient-poor subtropical gyres (Rutherford et al., 1999), varying degrees of 

competition pressure among planktonic foraminifera species exist along the 

latitudinal transect studied here. Competition with other groups of zooplankton 

for food sources such as phytoplankton and algae (Anderson et al., 1979) also 

likely varies spatially as zooplankton diversity varies globally (Irigoien et al., 

2004). Site-specific predation pressures directly affect a population’s abundance 

and size structure. Predation pressure selects for certain ranges of body size: the 

ratio of specialist to generalist predator species has been shown to affect 

plankton community structure through the degree of size-selective feeding (Fuchs 

and Franks, 2010). Therefore, local adaptation likely increases among-population 

trait variation. 

Although the results presented here are based on the study of planktonic 

foraminifera, they are also likely to remain true for other species: individuals 

within populations contain varying combinations of genetic information and 

plastic species’ responses, and need to adapt to local environmental settings, 

including predation and competition. These results contradict the assumption of 

constant trait covariation among populations, instead implying that intraspecific 

variation across space is a poor predictor for specific populations’ predicted 

response to environmental change through time (Figure 6.3). Different covariation 

patterns among populations likely cause different responses to environmental 

change: selection in one trait will generate a different response in the covarying 

trait among populations. Given that trait covariation is predictive of 

morphological changes through time (Brombacher et al.) and across ancestor-

descendent species pairs (Hunt, 2007), the explanatory power of spatially explicit 

models could be improved by including the within-population covariance 

structure. 

 

6.6 Conclusion 

The results presented in this chapter show that population variation across space 

is a poor predictor for variation through time. The within-population trait 

covariance patterns do not match with the variation across populations, which is 
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likely explained by site-specific selection pressures due to climatic or biotic 

processes, or genetic variation. As many other species experience different 

environments and biotic interactions among populations, it is likely that the 

mismatch between within- and among population variation holds up for other 

species as well. Particularly, the higher variance introduced by population-specific 

variance might contribute to the species’ adaptation potential and therefore its 

chances of survival. However, our results caution against the unfettered 

substitution of spatial for temporal processes in model input. 
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Chapter 7: Conclusion 

The work presented in this thesis describes new calibrations and applications of 

planktonic foraminifera in evolutionary biology. First, the repeatability of often-

used morphological traits, the number of individuals required to reliably detect 

trends of varying magnitude, and the reliability of one- and two-dimensional 

representations of foraminiferal shells as a proxy for body size were assessed. 

Following that, repeatable traits were measured over a 600,000-year interval 

across six Atlantic populations to study trait variance and covariance through 

time and across space, during an interval of pronounced global climate upheaval. 

The results are summarized below. 

Chapter 2: trait repeatability 

The high-resolution fossil archives of planktonic foraminifera enable construction 

of evolutionary time series of large numbers (>10,000) of individuals. 

Foraminifera tests are generally mounted, oriented and imaged manually, while 

data can be processed semi-automatically using standard software such as ImageJ 

or Image Pro. However, manually induced orientation errors are a source of 

potential bias in trait measurements even when quantified using the same 

computational subroutine. I tested the repeatability of four measures of 

foraminiferal test shape on six morphologically distinct species using a novel 

mounting technique in which shells are imaged from glass slides to reduce 

background imperfections and increase the accuracy of trait capture. I also 

presented a calibration (power analysis) of the number of individuals needed to 

determine a given percentage change in these traits. Both test area and aspect 

ratio were found to be repeatable measures of test size and shape, whereas 

roundness was a repeatable measure for only half of the species assessed while 

perimeter was not repeatable for any of our non-spherical species. Results from 

the power analyses show that between 25 and 50 individuals are needed to detect 

a 10-15% change in the repeatable traits, which is well within the scope of most 

species of planktonic foraminifera. Similarly, a change in trait measurements of 

10-15% is at the lower range of the changes generally reported (Brombacher et 

al.; Wade and Olsson, 2009; Wade et al., 2016). However, these numbers strongly 

depend on the morphological variation present in the species.  

My results underline the need for measurement error quantification in 

individual species’ traits prior to interpreting their morphological records. In 
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particular, test perimeter, and the other composite traits it influences, should be 

used with extreme caution in applications of geometric morphometrics. More 

work is needed to investigate the repeatability of individual landmarks on the test 

outline before they are applied for evolutionary or biostratigraphical purposes.  

Chapter 3: one- and two-dimensional representations of 

foraminifera body size 

Body size is one of the most commonly measured traits in ecology and evolution 

because it indicates ecological success and covaries with environmental and life-

history traits. Foraminiferal body size is generally estimated by measuring the 

shell diameter or area from two-dimensional images. However, these one- and 

two-dimensional measurements could present a sub-optimal representation of 

body size in an evolving lineage when shell shapes vary through time. I measured 

test diameter and area of over 500 individuals of the species Globoconella 

puncticulata using two-dimensional images, and compared the results to 

measurements of test volume of the same individuals as measured by a recently 

developed high-throughput method for analysing fully volumetric three-

dimensional morphometrics. I found that both test diameter and area covary 

strongly with test volume over the entire range of test sizes studied, implying 

that even in these evolving lineages, test diameter and area can provide 

consistent proxies for body size. The method presented here can be readily 

repeated on other species of planktonic foraminifera, validating their potential to 

study the driving mechanisms of changing body size in deep time. 

Chapter 4: static and evolutionary allometries during 

climatic upheaval 

The influence of within-species variation and covariation on evolutionary patterns 

is well established for generational and macroevolutionary processes, most 

prominently through genetic lines of least resistance (Bégin et al., 2003; Hunt, 

2007; Lande, 1979; Lande and Arnold, 1983). However, it is not known whether 

intraspecific phenotypic variation also directs microevolutionary trajectories into 

the long term when a species is subject to varying environmental conditions. I 

present a high-resolution record of size and shape changes among 12,633 

individual planktonic foraminifera over a 0.5-Myr time interval spanning the late 

Pliocene to earliest Pleistocene intensification of Northern Hemisphere glaciation. 
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I found that within climate intervals marked by constant environmental variability 

the within-population allometries predict evolutionary change from one time-step 

to the next, and that the within-phase among-population (i.e. evolutionary) 

allometries match their corresponding static (within-population) allometries. 

However, the evolutionary allometry across the three climate phases deviates 

significantly from the static and phase-specific evolutionary allometries in the 

extinct-going species. These results imply that allometric constraints can be 

overcome by environmental perturbations. 

Chapter 5: synergistic climate forcing of foraminifera 

evolution 

Changes in biodiversity are often linked to climate change, usually represented by 

single parameters such as global temperature (Erwin, 2009; Mayhew et al., 2008). 

However, climate consists of many interacting variables and species likely 

respond to the entire climate system as opposed to individual variables (Harnik et 

al., 2012). In this chapter, I use the ecological and morphological trait 

measurements of the two species of planktonic foraminifera generated in Chapter 

3 and compare them to local and regional records of sea surface temperature, 

productivity, nutrient availability and global atmospheric CO
2
. The results show 

that phenotypic and ecological changes are indeed driven by the interactions of 

multiple environmental factors. No dominant climatic driver could be identified 

and temperature alone explains remarkably little variance, implying that 

successful reconstructions of palaeobiological dynamics will require multiple 

ecological and evolutionary metrics. 

Chapter 6: evolution across space and through time 

To predict biotic responses to future climate change, a common approach is to 

extrapolate species’ responses to current environmental conditions into the 

future. These projections assume that the species’ adaptive potential is similar 

across its geographical range, and that environmental variability among 

contemporary populations is a relevant predictive tool. Using covariations 

between ecological and morphological traits in 29,438 individuals of two 

planktonic foraminifera from six Atlantic populations, I show that within-

population temporal dynamics had negligible predictive power for the among-

population changes. These results imply that each population responds to site-
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specific environmental and biotic settings, complicating extrapolation to other 

locations. As within-population variation does not predict among-population 

dynamics over time, diversity should be tracked through both space and time as 

one can be a poor substitute for the other. 

 

Figure 7.1  Variance explained in size (a,b), shape (c,d) and abundance (e,f) of 

Globoconella puncticulata and Truncorotalia crassaformis from 

North Atlantic Sites 981 (grey) and U1313 (red) by the available 

environmental parameters and their interactions (‘Total model’). 

 

Future work 

The fossil record of planktonic foraminifera is ideally suited to study the driving 

mechanisms of evolutionary processes. Its high resolution and continuous 

deposition of full-body fossils enable reconstructions of evolutionary time series 

at both micro- and macroevolutionary time scales, and the possibility to generate 
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climate records from the same sediment samples allows for direct comparisons 

between biotic and abiotic change. The automated analysis and measurement 

setup described in this thesis makes it possible to generate the large datasets 

required for long-term and high-resolution evolutionary time series. 

The work presented here focusses on only two species, over a relatively 

short time interval in their existence. To increase our understanding of 

foraminifera evolution the study interval could be expanded to include species’ 

entire biostratigraphic ranges. This will enable studies of the consistency of 

allometries and other trait covariations within and across species, and test 

whether evolutionary change is relatively constant, or speeds up/slows down 

during different key stages in its existence such as during speciation and 

preceding extinction. It would also show if a species’ response to climate is stable 

across its range, or whether it varies through time. It would also be beneficial to 

include more species in the studied time interval from various ranges and depth 

habitats. I show that two study species respond differently to environmental 

change even though they inhabit the same range and depth habitat, suggesting 

even more varying responses in species with different ecological preferences. 

The traits described in this thesis represent very simple representations of 

overall shell size and shape. However, due to the preservation of full-body fossils 

in the foraminiferal fossil record many more traits can be extracted from 

foraminiferal shells, such as the size and shape of individual chambers, size and 

shape of the aperture, and various landmarks around the shell’s perimeter. 

Studying the variation in and covariation among these traits will increase our 

understanding of trait covariation in evolving lineages through time.   

The results presented in Chapter 6 warn against the use of spatial variation 

to predict biotic responses through time, which is particularly problematic for 

predictions of present-day biodiversity to projected future climate change. One 

way to improve model predictions could be to study trait covariances among 

contemporary populations. The degree of overlap among site-specific covariation 

patterns, as well as biotic interactions could provide an indication of the similarity 

between populations’ responses, and therefore help validate the model’s results. 

Additionally, any biotic response to environmental change should be tested 

among populations. Preliminary work on two populations in the core (Site U1313) 

and edge (Site 981) of the study species’ ranges show that response to 

environmental change varies between sites (Figure 7.1), further consolidating the 

results of Chapter 5 that environmental variability is not a constant predictor of 
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biotic change across space. Therefore, to assess whether climatic variability is a 

relevant predictive tool in contemporary populations, multiple-year time series of 

biotic response to environmental variability are required. 

Additionally, despite the growing body of work on past climatic 

reconstructions most evolutionary studies still compare biotic records to single 

environmental variables such as the benthic oxygen isotope stack. However, the 

variance in biodiversity explained by this parameter is generally relatively low (10-

35% (Lazarus et al., 2014; Mayhew et al., 2008)) and could likely be improved by 

including multiple variables. For example, Lazarus et al. (2014) show that diatom 

diversity is also strongly correlated to d13C and atmospheric CO
2
, implying that a 

multivariate model combining all studied factors would do better at explaining 

biotic change. More Cenozoic reconstructions of environmental parameters such 

as local sea surface temperature, productivity and nutrient availability (in the 

marine realm), and proxies for the hydrological cycle and aridity such as dust 

deposition and charcoal records are becoming available, enabling direct 

comparisons between local environmental and biotic change. 

To improve understanding of evolutionary change as a result of 

environmental variability, many more time intervals characterized by a wide range 

of environmental settings and rates of climate change should be considered. For 

example, comparing biotic responses during Paleogene transient climate events 

such as the Paleocene Eocene Thermal Optimum or the Middle Eocene Climatic 

Optimum to late Neogene glacial-interglacial climate cyclicity will enable studies 

of species’ adaptation potential to a changing environment. Together, the results 

will expand the knowledge of the processes shaping life on Earth. 
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