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11.1 Introduction

Unlike the world of prokaryotes and protists, plants and 

animals have a relatively limited metabolic repertoire – 

essentially oxygenic photoautotrophs or aerobic hetero-

trophs – but they make up for this shortfall through 

their enormous, seemingly inexhaustible, capacity to 

exploit morphology. Plants and animals are unique in 

having independently acquired a tissue and  organ-grade 

level of multicellularity, thereby taking intra-organismal 

divisions of labour to fundamentally new levels, not 

least the invention of large size, complex life histories 

and complex behaviour. Morphological, metabolic and 

tissue chemistry developments, therefore, collectively 

open doors to entirely novel approaches for exploiting 

ecospace, which in turn exert major influences on global 

biogeochemical cycles and the environment.

One of the most direct and effective means of assessing 

the role of plants and animals as geobiological agents is 

to examine evidence for the expression of these effects on 

geological and evolutionary timescales (i.e. over  millions 

of years). The geological record offers a unique view of 

ancient conditions and alternative worlds, including 

those partially or entirely devoid of the modern comple-

ment of plants and animals. In this chapter, we review 

the influence of terrestrial plants and animals on the 

physical and biological processes affecting the Earth 

 system. Insofar as the record of land plants appears 

to  extend no further than the Ordovician (Wellman 

et  al., 2003), and eumetazoans no further than the 

Ediacaran (Peterson and Butterfield, 2005), this review is 

limited to  the relatively recent past (ca. 635 million 

years), though comparison with pre-embryophyte- and 

 pre- eumetazoan-worlds offers a powerful insight into 

the progressive geobiological impact of these two 

remarkable clades.

11.2 Land plants as geobiological agents

The geobiological activities of plants and vegetation 

operate on short (minutes to year) and very long 

 (millions of years) timescales. On short timescales, they 

alter the energy balance of the landscape and the chem-

istry of atmospheric greenhouse gases and their precur-

sors, as well as affecting the atmospheric loading of 

organic aerosols (e.g. Tunved et  al., 2006; Claeys et  al., 
2004; Spracklen et al., 2008). On longer timescales, plants’ 

geobiological actions are expressed by their accumu-

lated influence on the operation of the organic and 

 inorganic carbon cycles. Here, the net effects are on 

global atmospheric O
2
 and CO

2
 levels respectively, with 

an influence on the evolutionary trajectory of Earth’s cli-

mate and terrestrial biota (Berner, 2004; Beerling, 2007).

11.2.1 Short-term feedback processes (100 to 103 years)

11.2.1.1 Land surface energy balance

Terrestrial vegetation, especially forests and grasslands, 

control the exchange of water, energy and momentum 

between the land surface and the atmosphere (Bonan, 

2008). Ecosystems can therefore exert geobiophysical 

forcings and feedbacks that dampen or amplify regional 

and global climate change. In turn these effects also play 

a role in determining the structure, function and distri-

bution of vegetation. Albedo and evapotranspiration 
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(canopy transpiration + soil evaporation) are two key 

ecosystem processes influencing land surface energy 

budgets. The global energy budget is given by the sim-

ple energy balance equation (Crowley and North, 1991):

= εσ
− α

4c

4(1 )

S
T  (11.1)

where S
c
 is the solar constant (1367 W m−2 at 0 Ma), σ is 

the planterary albedo (viewed from the top of the atmos-

phere), ε is the planetary emissivity, i.e. capacity to emit 

long-wave radiation, and σ is the Stefan–Boltzman 

 constant (5.67 × 10−8 W m−2 K−4), and T is planetary tem-

perature (K). The division of S
c
 by 4 accounts for the fact 

that the Earth absorbs radiation like a two dimensional 

disc, but in fact this is spread over the surface area of a 

sphere (because of the Earth’s rotation) which has four 

surface area of times the area of a disk. Equation 11.1 can 

be modified to be more relevant to terrestrial ecology 

and predict mean terrestrial surface temperature from 

incoming solar energy, albedo and atmospheric CO
2
, as 

discussed by Beerling and Woodward (2001).

Terrestrial albedo depends primarily on vegetation 

type and the leaf area index (LAI), the number of leaf 

layers in the canopy, a trait which can vary seasonally 

depending on climate and the dominant functional type 

of vegetation. Incoming solar energy absorbed by the 

canopy is dissipated by evaporation (latent heat) or con-

vective radiation (sensible heat). Evaporation of water 

from plant canopies and soils therefore increases the 

flux of latent heat from the land surface. In tropical rain-

forests of Amazonia, for example, about 80% of the 

intercepted net radiation is dissipated as latent heat and 

20% lost by convection (Grace et  al., 1995). Vegetation 

height also influences local climate by changing the 

degree of aerodynamic coupling between the land sur-

face and the atmosphere; taller trees are aerodynami-

cally rougher, enhancing the transfer of mass and energy 

through increased turbulence.

Soil water content plays a critical role in regulating 

ecosystem evapotranspiration. As the soils dries out, 

and the moisture zone around roots is depleted,  stomatal 

pores on the surface of leaves close, reducing transpira-

tional cooling by latent heat loss (Buckley, 2005). This, in 

turn, leads to elevated canopy temperatures with greater 

upwards transport of sensible heat to the atmosphere, to 

an extent governed by the surface-to-air temperature 

gradient.

The maximum influence of these vegetation proper-

ties on global climate has been assessed by comparing 

climate model simulations between two hypothetical 

extremes, ‘desert world’ and a ‘green world’ (Kleidon 

et al., 2000). Desert world is characterized by a smooth 

land surface with a high albedo and poor soil water 

 storage capacity, whereas a green world with forests 

 everywhere has the opposite characteristics. In this 

extreme comparison, vegetation tripled land surface 

evapotranspiration, enhanced atmospheric  moisture and 

cloud cover leading to a doubling of land-surface pre-

cipitation. These effects combined to lower near-surface 

seasonal mean temperatures by 8 K in the ‘green world’ 

simulation compared that of ‘desert world’. In the con-

text of these idealized calculations, the net cooling effect 

of vegetation indicates its effects on the hydrological 

cycle overwhelm any increased net absorption of radia-

tion at the surface due to a lower albedo compared to 

deserts (Kleidon et al., 2000).

In real deserts, the absence of vegetation feedbacks is 

proposed to promote their own existence (Charney, 

1975; Charney et  al., 1975). Deserts are stable entities 

because their sandy non-vegetated surfaces reflect solar 

radiation back to space, effectively allowing them to act 

as a net heat sink relative to surrounding areas, which in 

turn cools the air above. This cooling draws airflow 

inwards over the Sahara, which warms and dries as it 

descends, greatly reducing the chances of rainfall and 

the establishment of vegetation.

Palaeoclimate modelling studies quantifying the 

importance of vegetation-climate interactions are 

 generally restricted to the Cretaceous, with more com-

prehensive studies focusing on vegetation feedbacks in 

a future ‘greenhouse’ world (e.g. Sellers et al., 1996; Betts 

et al., 1997). In the warm Late Cretaceous environment 

(80–65 Ma ago), forest distribution was extensively 

modified compared to the present-day situation, nota-

bly by their extending throughout the high northern and 

southern latitude continental land masses (Upchurch 

et  al., 1998; Beerling and Woodward, 2001). Climate 

modelling indicates that the presence of high-northern 

latitude deciduous forests warmed January and July 

land-surface temperatures by 2–4 °C and up to 8 °C, 

respectively, compared to simulations with bare-ground 

or tundra (Otto-Bliesner and Upchurch, 1997; Upchurch 

et al., 1998; DeConto et al., 2000). The wintertime warm-

ing occurs because the trees mask snow cover, decreas-

ing the albedo of the land surface. Some of the warming 

is advected to the nearby high-latitude oceans and initi-

ates sea-ice loss (Otto-Bliesner and Upchurch, 1997; 

Upchurch et al., 1998). Nevertheless, even after account-

ing for vegetation-land surface feedbacks, reproducing 

the warm wintertime continental climates of past green-

house eras in the current generation of climate models, 

and even next generation ‘Earth systems’ models, 

 continues to remain a major challenge and implies key 

processes are missing or poorly represented.

Investigations of the direction and magnitude of 

 vegetation-climate feedbacks in a future high CO
2
 

‘greenhouse’ world reveal a more complex picture with 

competing physiological and structural feedbacks 

(Sellers et al., 1996; Betts et al., 1997). Doubling the atmos-

pheric CO
2
 concentration could decrease in stomatal 
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conductance of vegetation (Ainsworth and Rogers, 

2007), with attendant reductions in transpiration and 

possible warming through a decreased latent heat flux. 

Global simulations characterising this ‘physiological 

feedback’ effect suggest widespread warming over the 

northern hemisphere land surface by 1 °C (Betts et al., 
1997). However, a CO

2
-rich atmosphere could also alter 

vegetation structural properties, like LAI, by stimulat-

ing photosynthetic and water-use efficiency of growth 

(Ainsworth and Long, 2005; Ainsworth and Rogers, 

2007). This structural response of vegetation to CO
2
 

could largely offset the warming effects of physiology 

by increasing evapotranspiration with a greater LAI and 

total canopy conductance to water vapour (Betts et al., 
1997). The net sign of the feedback of predicted changes 

in vegetation physiology and structure in a near-term 

future (i.e. decades), without significant migration of 

biomes under high CO
2
 atmosphere is likely to be a cool-

ing. However, climate-carbon cycle simulations indicate 

that significant afforestation of the high latitudes, often 

proposed as a measure to counteract global warming, 

may be counter-productive leading to warming through 

decreases in land surface albedo (Bala et  al. 2007). 

Analyses of this sort raise questions concerning the effi-

cacy of such efforts to mitigate climate change.

Recent evidence from the high arctic suggests vegeta-

tion is already exerting an effect on climate through 

changing the land surface albedo. Accelerated warming 

over the high-latitude northern continents has reduced 

seasonal snow cover shifting the albedo of the landscape 

from very reflective snow to the darker underlying veg-

etation and soils (Chapin et al., 2005). The darker vegeta-

tion absorbs more solar radiation, warming the land 

surface and heating the atmosphere. At the same time, 

rapid vegetation change is also evident, with tree and 

shrub expansion into more northerly regions replacing 

low-lying tundra ecosystems (Chapin et al., 2005; Sturm 

et al., 2005), with a profound significance for regional cli-

matic warming by increased heat transfer to the atmos-

phere (Strack et al., 2007).

We emphasize that our understanding of ‘geobiologi-

cal’ feedbacks of vegetation for past or future climates 

and atmospheres is largely derived from theory, applied 

and embedded in large complex computer models. 

Evaluating models against palaeobotanical, geochemi-

cal and sedimentary evidence is therefore a critical 

endeavour.

11.2.1.2 Atmospheric composition and aerosols

Greenhouse gases in the atmosphere absorb long-wave 

radiant energy emitted from the Earth’s surface rather 

than letting it escape into space. On geological time-

scales, terrestrial ecosystems influence the atmospheric 

CO
2
 concentration by accelerating weathering of Ca-Mg 

rocks and to lesser extent through organic carbon burial 

(see next section). On human timescales vegetation 

plays an important role in modulating anthropogenic 

CO
2
 emissions from fossil fuel burning and deforesta-

tion. Net primary productivity (NPP) is defined as the 

uptake of CO
2
 by photosynthesis less that released by 

autotrophic (plant) respiration. This primary production 

provides the energy sources and substrates for virtually 

all major ecosystems on Earth. Net ecosystem produc-

tivity is NPP less carbon lost by decomposition via 

 heterotrophic (microbial and fungal)  respiration. In addi-

tion, organic carbon is also lost through disturbance by, 

for example, fire. At the global scale, terrestrial NPP 

today is about 60 Pg C yr−1, comparable to that of the 

ocean biosphere (65 Pg C yr−1) (Falkowski et  al., 1998). 

Accounting for heterotrophic respiration reduces NPP 

considerably to about 5 Pg C yr−1, and allowing for car-

bon losses by disturbances such as fire and soil erosion 

lowers it further to about 2–3 Pg C yr−1. This carbon sink 

is small but of a similar magnitude to annual emissions 

due to humanity’s burning of fossil fuels and deforesta-

tion (9 Pg yr−1) (Woodward, 2007). Vegetation therefore 

represents an important sink for about 20–30% of human 

emissions to an extent that varies from year to year due 

to climatic variability. Because atmospheric CO
2
 is well-

mixed globally, vegetation–carbon cycle feedbacks are 

usually manifested globally whereas the land surface 

biophysical feedbacks discussion occur most strongly at 

regional scales.

Terrestrial ecosystems play an important role in deter-

mining atmospheric concentrations of the three impor-

tant trace greenhouse gases, methane (CH
4
), ozone (O

3
) 

and nitrous oxide (N
2
O) in the lower atmosphere (tropo-

sphere) (Beerling et  al., 2007). Collectively these trace 

greenhouse gases are fundamentally important compo-

nents of the global climate system. On a per molecule 

basis, for example, methane and ozone are approxi-

mately 25 and 1000 times, respectively, more effective at 

planetary warming than CO
2
 over a 100-year timeframe 

but are present in far lower concentrations. Biogenic 

sources of methane also lead to indirect climatic warm-

ing because atmospheric methane oxidation supplies 

the relatively dry lower stratosphere with water vapour, 

where it acts as a very effective greenhouse gas.

Terrestrial ecosystems are the largest natural sources 

of methane and nitrous oxide and therefore strongly 

influence the concentrations of both gases in the lower 

atmosphere. The activities of methane-producing 

Archaea (methanogens) in anaerobic natural wetland 

soils supply about 200 Tg CH
4
 annually, while microbial 

activities in the soils of tropical and temperate forests 

annually release about 10 Tg N
2
O. Soil microbial activity, 

particularly in the tropics and sub-tropics, also release 

nitrogen oxides (NOx = NO and NO
2
) (5–8 Tg yr−1), with 

further emissions from biomass/biofuel burning 
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(ca. 6–12 Tg yr−1) and lightning (ca. 3–7 Tg yr−1) (Denman 

et al., 2007). NOx is an important atmospheric constitu-

ent for many key chemical reactions and its production 

by terrestrial ecosystems, either directly or indirectly, in 

a preindustrial atmosphere prior to anthropogenic 

sources, highlights another important indirect geobio-

logial influence of vegetation.

Polar ice core records of Earth’s past atmospheric 

composition indicate that the concentration of both 

methane and nitrous oxide underwent significant varia-

tions on glacial-interglacial timescales, as well as on mil-

lennial timescales since the last glacial epoch, some 

20 kyr ago (Flückiger et al., 2004). In contrast with atmos-

pheric CO
2
, these variations are in phase with tempera-

ture, indicating the high sensitivity of the sources of 

methane and nitrous oxide to climate change. Further 

back in Earth’s history, during much of the Mesozoic 

and early Palaeogene, climates were considerably 

warmer than even the warmest interglacial climate 

(Huber et al., 2000; Beerling and Woodward, 2001). It fol-

lows, therefore, that past greenhouse climates, charac-

terized by a more vigorous hydrological cycle due to 

largely ice-free polar regions, and warmer temperatures, 

offer conditions expected to enhance methane and 

nitrous oxide emissions from terrestrial ecosystems. It is 

likely, therefore, that the concentration of methane and 

nitrous oxide in the atmosphere at these times far 

exceeded  levels for which we have direct measurements 

or  experience, with significant climate change potential.

Forests also alter the chemistry of the atmosphere by 

releasing biogenic volatile organic compounds (BVOC) 

(Fehsenfeld et  al., 1992). Isoprene is the most reactive 

BVOC, with a chemical lifetime ranging from a few min-

utes to hours. At the global scale, the terrestrial bio-

sphere annually emits 500–750 Tg yr−1 of isoprene 

(Guenther et al., 2006), over double the mass of methane 

produced by natural wetlands. Isoprene is an important 

natural precursor for the formation of tropospheric 

ozone, when oxidized by hydroxyl radicals in the pres-

ence of sufficient NOx. Because the principal sink for 

methane is oxidation by hydroxyl radicals, BVOC emis-

sions from forests can alter the lifetime and concentra-

tion of methane and its potential for planetary warming. 

BVOCs constitute only 1% of the total carbon flux into 

the atmosphere, yet act as significant drivers of climate 

change by influencing the photochemistry of methane 

and ozone, and the formation of secondary organic aero-

sols (SOAs) in the atmosphere.

Secondary organic aerosols arise when the oxidation 

products of BVOCs, especially monoterpene emitted 

from vegetation, condense on existing aerosol particles, 

and can be an important component of the aerosol load-

ing of the atmosphere in many regions of the globe. 

Newly formed particles can grow rapidly to gain a diam-

eter >70 nm and act as effective cloud condensation 

nuclei (CCN) (Claeys et  al., 2004). Aerosols influence 

 climate both directly by scattering and absorbing incom-

ing solar radiation and indirectly by forming CCN which 

influence a range of cloud properties, including albedo, 

lifetime, and precipitation efficiency (Spracklen et  al., 
2008). Above northern European boreal forests, BVOCs 

emitted in late spring and early autumn contribute to 

12–50% of the aerosol mass and sustain CCN of 200 cm−3, 

double that of maritime air masses (Tunved et al., 2006), 

whilst over the Amazonian rainforest photo-oxidation of 

isoprene produces considerable quantities of SOA, with 

important implications for the radiation budget (Claeys 

et al., 2004). The magnitude and sign of terrestrial, and 

marine (Kump and Pollard, 2008),  aerosol-cloud feed-

backs during warm, high CO
2
 pre-Quaternary climates 

are at very early stages of investigation.

11.2.1.3 Evolving short-term geobiological 
feedbacks

The capacity of vegetation land surfaces to alter the 

physical and chemical environment of the Earth system 

through this suite of processes is likely to have been 

most strongly exerted during the early evolutionary 

diversification of terrestrial plants between the 

Ordovician and Devonian (450–360 Ma ago). Initial 

stages of land colonization were conducted by primi-

tive  shallow-rooting non-vascular plants during the 

Ordovician (470–450 Ma ago), and were followed by 

small rhizomatous vascular plants in the late Silurian 

and early Devonian. The shallow-rooting, coarse, hair-

less root structures, of these plants, together with their 

dependency on homospory for reproduction, confined 

them to heterogeneous patches in lowland habitats. By 

the Late Devonian (385–360 Ma ago), the appearance of 

arborescence vegetation reaching heights of 30 m, and 

the development of seed habit, allowed colonization of a 

broader range of environments including uplands and 

primary successional habitats (Algeo and Scheckler, 

1998). Reproduction by seed was a key factor in the 

rapid spread and diversification of ancient gymnosperm 

forests during the Late Devonian and Early 

Carboniferous. Rapid increases in vegetation height 

were associated with the development of deeper and 

more complex rooting systems penetrating up to 1 m 

into the regolith (Algeo and Scheckler, 1998; Raven and 

Edwards, 2001).

The spread and diversification of the above-ground 

terrestrial biomass in the form of deep-rooting trees and 

forests, likely strengthened several feedbacks with 

opposing signs. The two primary warming effects would 

be exerted through decreased land surface albedo and 

the evolution of methane-emitting wetland ecosystems. 

Counteracting such effect might be the competing with 

cooling effects from increasing rates of  evapotranspiration 
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and cloud cover. The sign of biological aerosol-cloud 

feedbacks remains to be assessed. Compared to the algal 

and cyanobacterial mats that existed prior to the 

Ordovician, the lowering of continental albedo as forests 

expanded their geographical distributions which could 

have enhanced atmospheric heating, particularly in the 

high latitudes where the potential for masking seasonal 

snow cover is greatest. The evolution and spread of per-

sistent floras in a diversity of wetland habitats (Greb 

et  al., 2006) would have increased methane emissions 

raising tropospheric concentrations to those approach-

ing the contemporary atmosphere, with exceptionally 

high levels predicted during the Carboniferous when 

peat-forming plant communities were geographically 

very extensive (Bartdorff et al., 2008; Beerling et al., 2009). 

The taxonomic distribution of extant isoprene emitting 

groups of plants is broad, and includes mosses and gym-

nosperms (Sharkey et al., 2008), implying that an expand-

ing biomass increased emissions of isoprene and other 

BVOCs, with possible increases in methane lifetime and 

concentration by reduced hydroxyl radical concentra-

tions. If wildfires produced sufficient NOx in the 

Palaeozoic (Scott and Glasspool, 2006), increased iso-

prene emissions may have also increased tropospheric 

ozone concentrations, causing further warming.

Countering any warming effects from these processes, 

an expanding cover, density and height of vegetation, 

and deepening of the soil profile, throughout the 

Palaeozoic would have permitted a more vigorous 

hydrological cycle, greater rates of evapotranspiration 

and cloud formation. In addition, a greater atmospheric 

loading of biological VOCs may also have increased 

SOA formation over these ancient forested ecosystems, 

inducing further seasonal cooling both by reflecting 

incoming short-wave radiation back to space and by 

seeding cloud formation. All of these geobiological feed-

backs remain to be investigated and quantified.

11.2.2 Long-term feedback processes (>106 years)

Operating in parallel with the processes described above 

are the geobiological activities of plants that, when 

summed over millions of years, influence atmospheric 

O
2
 and CO

2
 levels (Berner, 2004; Beerling, 2007). Oxygen 

is a physiologically important gas, and therefore sub-

stantial fluctuations in the past are implicated in altering 

biotic evolutionary trajectories.

11.2.2.1 Organic carbon cycle, atmospheric 
oxygen and biotic evolution

The organic carbon cycle involves the conversion of 

inorganic (atmospheric) CO
2
 to plant biomass via photo-

synthesis, and the burial of that organic matter in sedi-

ments preventing its decomposition by consumption of 

oxygen. Carbon burial leads to the net addition of O
2
 to 

the atmosphere and is reversed when sediments and 

rocks are uplifted or exposed by falling sea-levels to 

allow oxidation of the organic matter. Only when 

organic matter is buried and prevented from decompos-

ing can O
2
 accumulate in the atmosphere. Rates of 

organic matter burial therefore significantly determine 

the Earth’s O
2
 content over millions of years (Berner and 

Canfield, 1989).

On an annual time-step, O
2
 production by photosyn-

thesis and O
2
 consumption by heterotrophic organisms 

(i.e. those that acquire carbon from other organic matter 

rather than synthesizing it themselves) are finely 

 balanced; only about 1% of photosynthesized organic 

carbon is actually buried. The overall process is 

 represented by the following global equation:

2 2 2 2CO   H O  CH O  O+ ↔ +  (11.2)

Moving from left to right, Equation 11.2 shows inorganic 

carbon (CO
2
) fixed by net photosynthesis being 

 converted to organic matter (CH
2
O) that becomes bur-

ied in sediments, releasing O
2
. The reverse reaction, in 

Equation 11.2 represents the two processes of oxidation 

of old sedimentary organic matter subjected to chemical 

weathering on continents, and the thermal breakdown 

of organic matter. Both processes release reduced carbon 

compounds and lead to its oxidation, consuming O
2
.

Organic carbon burial occurs on land most obviously 

in tropical or temperate mires, or peatland ecosystems, 

where the anoxic sedimentary environment retards 

decomposition by aerobic heterotrophic microbes. 

The  evolutionary appearance, spread and diversifica-

tion of  land plants during the mid- to late-Palaeozoic 

(440–255 Ma ago) massively increased organic carbon 

production and burial worldwide both on land and 

at  sea (Berner and Canfield, 1989; Robinson, 1990a,b; 

Berner et al., 2003a). Enhanced carbon burial during this 

interval in Earth’s history was probably linked to three 

factors: (i) increased terrestrial biomass, (ii) the evolu-

tionary appearance of lignin, a microbially resistant 

compound plants adopted for structural integrity, and 

(iii) physical aspects of the depositional environment 

favouring the appearance of coal swamp habitats includ-

ing tectonism, expansive epicontinental seas and wet 

climates (Berner and Canfield, 1989; Robinson, 1990a,b).

Marine burial of terrestrially derived organic carbon 

in anoxic muds of continental margins occurs when 

rainfall on continental surfaces flushes soil minerals 

loaded with organic matter out to sea. Burial efficiency 

of the organically-coated particles on continental mar-

gins is dependent on sedimentation rate. The Bengal fan 

system, for example, has a high organic carbon burial 

efficiency because the high erosion rate in the Himalayas 

generates high sedimentation rates and low oxygen 
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availability (Galy et al., 2007). In contrast, the Amazon 

basin experiences far lower sedimentation rates and 

70% of the riverine organic carbon is returned to the 

atmosphere before burial in marine sediments (Hedges 

et al., 1997).

Geochemical models of the Earth’s oxygen cycle sim-

ulating changes in the organic carbon and sulphur cycles 

over the Phanerozoic predict the consequences for 

Earth’s atmospheric O
2
 concentration (Berner and 

Canfield, 1989; Berner, 2004). The burial and weathering 

of sulphur is included because it influences atmospheric 

O
2
 over geological time, though quantitatively it is less 

significant than the role of organic carbon. Although 

aspects of the calculations are uncertain, geochemical 

models consistently predict that O
2
 levels rose to a peak 

value of ∼27–35% during the Permo-Carboniferous 

( centred at around 300 Ma ago), driven chiefly by the 

enhanced burial of terrestrial and marine organic debris 

worldwide. Atmospheric O
2
 concentrations then fell 

over the following 50 Ma to an unprecedented low of 

∼13–15% during the late Permian and early Triassic 

(250 Ma ago), when continental uplift and climatic dry-

ing reduced the geographical extent of lowland forests 

and swamps, reducing burial of organic carbon and 

pyrite (Berner, 2005).

To the extent to which the models are validated by 

a  range of different proxies (e.g. Berner et  al., 2003a; 

Scott and Glasspool, 2006), plant geophysical effects on 

atmospheric O
2
 appear substantial and are controver-

sially linked with a range of biological evolutionary 

radiations and events (Ward et al., 2006; Falkowski et al., 
2005; Berner et al., 2007; Labandeira, 2007). In this latter 

regard, plants may act as geobiological agents of terres-

trial biotic evolution. Most notably, the Permo-

Carboniferous rise in O
2
 levels is coincident with the 

appearance in the fossil record of a spectacular episode 

of gigantism in insects, as well as other arthropods and 

terrestrial vertebrates (Graham et al., 1995). At this time, 

Carboniferous dragonfly wing-spans reached 71 cm and 

thorax widths 2.8 cm, and millipedes attained lengths of 

over 1.5 m (Graham et  al., 1995). The subsequent late 

Permian–early Triassic fall in O
2
 (13–15%) saw a decrease 

in the level of animal gigantism, though it is worth not-

ing that dragonflies twice as large as the largest extant 

forms thrived during the late Triassic and early Jurassic 

oxygen minimum (Okajima, 2008), an interval that also 

saw the appearance of high oxygen-demand groups: 

 flying reptiles and mammals (Butterfield, 2009).

11.2.2.2 Plants, mycorrhizae, weathering 
and atmospheric CO

2

The geochemical carbon cycle involves the uptake of 

CO
2
 from the atmosphere and its transformation during 

the weathering of continental Ca and Mg silicate miner-

als to dissolved bicarbonate ions in rivers that are 

flushed out to the oceans and precipitated as CaCO
3
 and 

MgCO
3
 minerals (Fig. 11.1) (Berner, 2004). Over tens-to-

hundreds of millions of years, thermal breakdown at 

depth of carbonate minerals via metamorphism, diagen-

esis and volcanism, transfers CO
2
 back to the atmos-

phere (Berner, 2004). Because the atmospheric carbon 

reservoir is several orders of magnitude smaller than 

that of the rock reservoir, inputs by volcanic degassing 

and outputs by silicate rock weathering are thought to 

be finely balanced, otherwise atmospheric CO
2
 levels 

would rise or fall dramatically (Berner and Caldeira, 

1997; Zeebe and Caldeira, 2008). Rates of continental 

silicate rock weathering are dependent upon climate 

(temperature and hydrology) to create a negative 

Return of CO2
to the atmosphere 

Burial of CaCO3 Weathering
CO2 + CaSiO3 CaCO3 + SiO2

Metamorphism with
decarbonation, e.g.:

CaCO3+ SiO2    CaSiO3+ CO2

The geochemical carbon cycle

CO2 (aq)

CO2 (g)

Figure 11.1 Schematic representation of the 

long-term carbon cycle.
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 feedback loop (Fig. 11.2), – that is a thermodynamic 

feedback control on Earth’s temperature – whereby ris-

ing CO
2
 causes warming and moister climates that 

together enhance weathering and promote CO
2
 removal 

from the atmosphere (Walker et  al., 1981; Berner et  al., 
1983c). Co-evolutionary partnerships of plants and sym-

biotic fungi likely accelerated mineral weathering pro-

cesses removing CO
2
 from the atmosphere (Berner, 1998; 

Berner et al., 2003b; Taylor et al., 2009).

The weathering of Ca silicate minerals can be simply 

represented by the overall reaction (Berner, 2004):

2 3 3 2CO   CaSiO  CaCO   SiO+ → +  (11.3)

This type of reaction liberates Ca2+ ions that are carried 

to the oceans by rivers, and with dissolved bicarbonate 

ions, leads to the precipitation of calcium carbonate 

minerals. With magnesium silicates, Mg2+ is liberated, 

but exchanged with calcium in marine basalts, leading 

to the deposition of CaCO
3
 rather than MgCO

3
 (Berner, 

2004). Ultimately this flux represents the net transfer of 

carbon from the surficial system to the rock reservoir 

until it is released millions of years later during meta-

morphism or weathering (i.e. the reverse of reaction rep-

resented by Equation 11.3). Photosynthesis by land 

plants, algae, and phytoplankton also transfers carbon 

from the ocean–atmosphere system into the lithosphere, 

but the masses of this organic carbon sub-cycle are 

smaller than those involved in the inorganic subcycle 

and are less important from a climatic perspective.

The advent of land plants some 470 Ma ago, and the 

subsequent spread of rooted trees and forests likely intro-

duced, for the first time in Earth’s history, significant biotic 

regulation of the global atmospheric CO
2
 concentration 

through their collective effects on mineral weathering (e.g. 

Berner, 1997, 1998). The current paradigm recognizes that 

vascular plant activities enhance silicate mineral weather-

ing by dissolution of bedrocks in five major ways. See 

Berner et  al. (2003b) for an extensive review of the field 

and laboratory evidence, and Taylor et al. (2009) for a criti-

cal outline of the geochemical arguments:

Mechanism (i). Acidification due to hydrogen ion and 

organic exudates.

Mechanism (ii). Acidification due to respiration and 

 elevated CO
2
(g).

Mechanism (iii). Litter decomposition and carbon trans-

fer to heterotrophs.

Mechanisms (iv). Recycling of evapotranspiration and 

repeat flushing of soils.

Mechanisms (v) Bank stabilization and retardation of 

soil erosion.

Mechanisms (i) to (v) above were probably strengthened 

by: (1) the evolution, diversification and spread of 

deeply rooting trees throughout upland areas from the 

Silurian through the Devonian (416–359 Ma ago), and (2) 

more contentiously, by the replacement of gymnosperms 

with the more advanced angiosperms from the early 

Cretaceous onwards (145–65 Ma ago) (Berner, 1997, 

1998, 2004). Empirical representation of the effect of 

these two plant evolutionary axes on mineral weather-

ing processes in long-term carbon cycle models (e.g. 

Berner and Kothavala, 2001, Bergman et al., 2004; Berner, 

1997, 1998; Volk, 1989) indicates the potential capacity of 

each to promote CO
2
 removal from the atmosphere and 

alter the trajectory of Earth’s CO
2
 history and climate.

Current thinking about the role of plants in altering 

chemical weathering processes has been dominated by 

the prevailing view outlined above. However, this view 

gives only passing recognition to the possible role of 

fungi in weathering processes (Hoffland et  al., 2004; 

Leake et  al., 2008; Bonneville et  al., 2009; Taylor et  al., 
2009). Yet approximately 80–90 % of plant species form 

symbiotic associations with mycorrhizal fungi (Read, 

1991), which act as the sink for a large organic carbon 

flux received from plants (Högberg and Read, 2006).

A revised framework incorporating fungal and soil 

physiological ecology proposes that rates of biotic 

weathering can be more usefully conceptualized as 

being ‘driven by, and proportional to, autotrophic car-

bon fixation, especially the fraction allocated below-

ground’ (Taylor et  al., 2009). This suggestion is 

underpinned by the realization that rates of biotic 

weathering are ‘fundamentally controlled by the energy 

supply to photosynthetic organisms which, in turn, con-

trols their biomass, surface area of contact, and their 

capacity to interact physically and chemically with the 

minerals’ (Taylor et al., 2009). In this revised view, it is 

important to emphasize that it is the combined effects of 

vegetation, especially root activities and associated 

mycorrhizal fungi, that are implicated as key biotic com-

ponents of weathering processes, all of which are fuelled 

by photosynthate fixed by the above-ground biomass.

The two major functional groups of mycorrhizal fungi 

have different origination dates and differ in their modes 

of nutrient acquisition (Taylor et  al., 2009). Such 

Figure 11.2 Simplified systems diagram for the thermostatic 

control of Earth’s climate via the geochemical carbon cycle. 

Plain arrows are positive feedbacks, those with a –ve symbol 

are negative feedbacks. The loop between the CO
2
, climate 

and weathering boxes represents a negative feedback, i.e. only 

one –ve label. See text for further details.

Earth’s thermodynamic thermostat

WeatheringClimate

CO2

–ve
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 differences may translate into differences in their 

 effectiveness in driving biotic weathering processes. 

Arbuscular mycorrhizal fungi (AMF), exclusively of the 

order Glomales (Glomeromycota), are the ancestral 

group. Molecular clock evidence indicates they origi-

nated between 462 and 353 Ma ago (Simon et al., 1993), 

and there is evidence in the fossil record for their asso-

ciation with plants by the Early Devonian (400 Ma ago) 

(Remy et al., 1994). Ectomycorrhizal fungi (EMF) arose 

considerably later, probably sometime in the Jurassic, 

about 180 Ma ago (Berbee and Taylor, 2001). AMF pene-

trate cells of plant roots by forming invaginations in the 

cell membrane, and provide nutrients, especially phos-

phorus, to plants that would otherwise be inaccessible 

to the root systems. During growth, AMF reduce the 

pH  of fluids around the hyphal tip both through pro-

ton release during the uptake of inorganic cations (e.g. 

NH
4

+) to maintain electrostatic neutrality, and by sup-

porting AMF-associated bacteria (Villegas and Fortin, 

2001, 2002). This is a crucial factor in increasing mineral 

dissolution and P uptake. AMF mycelial networks also 

secrete glycoproteinaceous compounds into the soil that 

increase soil particle aggregation, which could alter 

water cycling and cation flushing.

The plant–fungus interface of EMF is fundamentally 

different from that of AMF, consisting of mycelia 

sheaths around the absorptive root-tips of EMF-

forming angiosperm and gymnosperm trees. Typically 

over 90% of root-tips are sheathed in mycelium so that 

virtually all of the labile carbon released into soils from 

roots is channelled through these fungi (Leake et  al., 
2004). EMF mycelia networks extend outwards from 

the root-fungal mantle into the soil to mobilize and 

absorb nutrients by actively secreting organic acids 

and protons at their hyphal tips altering localized pH 

values and accelerating mineral dissolution 

(Landeweert et al., 2001). AMF are not known to secrete 

organic acids or chelators for active mineral dissolu-

tion (Taylor et al., 2009).

The proposed involvement of mycorrhizae in driving 

biotic weathering calls for a re-evaluation of how the 

rise and spread of deep-rooting trees, and the rise of 

angiosperms, are represented in geochemical carbon 

cycle models. In particular, it questions the relevance of 

contemporary field studies on areas of vegetation dom-

inated by EMF-forming trees for developing empirical 

modelling functions describing early forest develop-

ment that likely involved AMF associations (Strullu-

Derrien and Strullu, 2007). Further, it also implies that 

falling atmospheric CO
2
 levels during the Mesozoic and 

Cenozoic may actually be linked to the rise and spread 

of EMF-forming trees rather than simply being linked 

to the rise of angiosperms at the expense of gymno-

sperms. A critical appraisal of the frequently cited 

 evidence for angiosperms being more effective at 

weathering than gymnosperms indicates it to be 

 equivocal (Taylor et al., 2009).

11.3 Animals as geobiological agents

Given their enormous standing biomass and domination 

of most terrestrial environments, it is hardly surprising 

that land plants serve as powerful geobiological agents. 

Often less appreciated is the correspondingly large 

impact made by animals. The key to metazoan influence 

lies in their underlying physiology, which in most 

instances combines heterotrophy and motility with 

organ-grade multicellularity. By tapping into an effec-

tively inexhaustible source of novel morphology and 

behaviour, motile multicellular heterotrophs have revolu-

tionized the exchange between biosphere and geosphere 

over the past 600 million years (Butterfield, 2007, 2011).

The essence of organ-grade animals (= eumetazoans) 

is the gut – a specialized multicellular chemical reactor 

adapted for the digestion of food, usually in collabora-

tion with symbiotic gut microbes (Penry and Jumars, 

1986). At one level, there is nothing particularly novel 

about this apparatus, neither the chemical nor microbial 

processes differing substantially from those in the exter-

nal environment. However, the active maintenance of 

‘optimal’ digestive conditions by the gut sets these phe-

nomena in a fundamentally more efficient and purpose-

ful context, particularly when they are integrated with 

other organ systems optimized for sensing, pursuing, 

capturing, filtering and comminuting food.

By diverting productivity away from default microbial 

processing to that of a roving chemical reactor, animals 

might be expected to increase rates of biogeochemical 

cycling – which in many ways they certainly do. Even so, 

it is worth appreciating that metazoans direct a signifi-

cant proportion of digested food – generally considered 

to be around 10% – into a loop with fundamentally lower 

levels of return. Due to the three-quarter scaling relation-

ship between body mass and metabolic rate, respiration 

in larger organisms is exponentially slower than in 

smaller ones, making animals the repositories of rela-

tively long-lived, non-cycling biomass. In aquatic food 

webs, where predators tend be much larger than their 

prey, this size-specific metabolism extends up the trophic 

structure with stepwise increases in predator size bal-

anced by correspondingly lower levels of respiration – to 

the extent that marine food chains exhibit broadly 

 equivalent biomasses at each of ca. five trophic levels, 

from phytoplankton to sea monsters (Sheldon et al., 1972; 

Kerr and Dickie, 2001; Brown et al., 2004). With four of 

these five levels occupied exclusively by metazoans, it is 

clear the majority of marine biomass is represented by 

 animals – the equivalent of trees on land.

Like all organisms, animals package biomass; but the 

stoichiometry of these packages differs substantially 
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from that of primary producers, varying with environ-

ment, bodysize and taxon-specific physiology (Sterner 

and Elser, 2002). In terrestrial ecosystems, where plants 

are embellished with C-rich structural macromolecules, 

the conversion to herbivore biomass entails a pro-

nounced reduction in C:N/P ratios, though the effect is 

generally swamped by the predominance of plant bio-

mass. In aquatic ecosystems, however, the fundamen-

tally higher proportion of consumer biomass – an 

inverted trophic pyramid – means that animal stoichi-

ometry can impinge directly on ecosystem nutrient flux 

(Polis, 1999).

In their review of ecological stoichiometry in lakes, 

Elser et al. (1996) compared the effects of differing types 

of herbivorous mesozooplankton on overall nutrient 

status. For zooplankton with relatively high N:P ratios 

such as calanoid copepods (N:P ∼ 30:1), associated phy-

toplankton growth is typically N-limited due to the 

preferential retention of N in consumer biomass. By con-

trast, the much lower N:P of cladocerans (e.g. Daphnia 

N:P ∼ 15:1) tend to induce P-limitation. The reason for 

such pronounced differences reflects the differing life 

histories of these two groups, with the very rapid growth 

rates and parthenogenic reproduction of Daphnia requir-

ing substantially greater rates of protein synthesis and 

accompanying ribosomal RNA (ca. 10% of the dry 

weight of Daphnia is RNA, vs. just 2% in copepods).

The more fundamental reason for cladoceran vs. 

copepod domination in lacustrine systems relates to 

ecological tradeoffs. Thus, under severe P-limitation, 

Elser and colleagues found that slower growing, high 

N:P copepods always outcompeted cladocerans. Under 

more equable conditions, however, the principal control 

on secondary production switches from the ‘bottom-up’ 

availability of nutrients to the ‘top-down’ effects of pre-

dation. Unlike copepods, which are capable of inertial 

escape jumps, Daphnia are mostly constrained to viscous 

flow and are consequently much more susceptible to 

visual predation (Naganuma 1996). Thus the introduc-

tion of zooplankton-feeding minnows to Daphnia-

dominated lakes can lead to a replacement by high N:P 

calenoid copepods, which in turn converts primary 

 productivity from P-limited to N-limited conditions. 

Minnows, of course, are also susceptible to predation, 

and the introduction of higher level predators (pisci-

vores) can induce a return to Daphnia-dominated zoo-

plankton and P-limited primary production. This is a 

classic account of a ‘trophic cascade’ in which the activi-

ties of predators cascade down food chains to control 

both primary production and overall ecosystem func-

tion (Pace et al., 1999).

Trophic cascades are most strongly expressed in sim-

ple systems with strong trophic links, such as in lakes, 

and often fail to propagate faithfully through more com-

plex foodwebs due to various compensatory effects 

(Pace et  al., 1999). Even so, there is an increasing 

 recognition that the top-down activities of consumers 

control the structure of most modern ecosystems. Recent 

over-fishing in the Black Sea, for example, is thought to 

be responsible for its increasingly frequent jellyfish 

blooms and rising turbidity as the removal of apex pred-

ators (bonito, mackerel, bluefish, dolphins) cascades 

down through zooplanktivorous fish (↑), crustacean 

mesozooplankton (↓) and phytoplankton (↑) (Daskalov 

2002). Instances of trophic cascades in open marine con-

ditions are less easily recognized, in part because of the 

larger scale and more generally oligotrophic conditions, 

although the catastrophic and seemingly permanent 

shifts in population structure associated with commer-

cial fisheries demonstrates that it does happen (e.g. 

Frank et al. 2005, Casini et al. 2009). A happier cascade 

saw the return of Pacific kelp forest communities follow-

ing the 20th century recovery of sea otter populations 

and their top-down control on sea urchin grazing (Estes 

and Duggins 1995).

The fundamentally greater levels of plant biomass in 

terrestrial ecosystems tend to attenuate the top-down 

effects of consumers, though these become more appar-

ent in simplified microcosms. In low-diversity arctic 

tundra, for example, the grazing activities of muskox 

and caribou have been shown to suppress the spread of 

woody shrubs (Post and Pederson 2008), and in tropical 

forest communities that have lost their top predators, 

plant biomass becomes decimated due to order-of- 

magnitude increases in herbivorous howler monkeys, 

iguanas and leaf-cutter ants (Terborgh et al., 2001). Such 

observations support the so-called ‘green world’ 

hypothesis, which holds that the terrestrial biosphere 

maintains its vegetated cover through the top-down 

control of herbivory by predators (Hairston et al., 1960).

There are, of course, other constraints on the activity 

of herbivores, not least the pronounced stoichiometric 

disparity between land plants and herbivores (Polis, 

1999). But in terms of geobiological impact, terrestrial 

predators still punch well above their weight. In a tem-

perate grassland ecosystem, for example, Schmitz (2008) 

demonstrated a 14% reduction in plant diversity, a 33% 

increase in nitrogen mineralization and a remarkable 

163% increase in above ground primary productivity 

when spider predation on grasshoppers switched from 

‘sit and wait’ ambush-type hunting to a more actively 

roaming strategy. By presenting a persistent and detect-

ible danger, ambush hunters appear to induce a behav-

ioural response in their prey which cascades down to 

affect the structure and function of the entire system.

Such pronounced, seemingly idiosyncratic amplifica-

tion of individual behaviour greatly complicates the geo-

biological accountability of trophic interactions. One 

might ask, for example, what controls the presence or 

absence of ‘sit and wait’ type spiders in temperate 
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 grasslands. Both higher-level predation and within-level 

competition are possibilities, but the more useful 

response might be to recognize the overarching effect of 

diversity itself (Hooper et  al., 2005; Duffy et  al., 2007). 

Species richness provides multiple responses to particu-

lar circumstances which can enhance productivity within 

a particular trophic level (Tilman et al., 2001), while the 

presence of multiple links between trophic levels strongly 

attenuates the transmission of trophic cascades (McCann, 

2000). But diversity is also about ecological novelty, 

which, under certain circumstances, can be accompanied 

by dramatic non-linear responses – witness any number 

of (un)natural experiments involving invasive species 

(Mooney and Cleland, 2001), from cats and cane toads to 

rabbits and zebra mussels.

11.3.1 Ecosystem engineering

The geobiological impact of animals extends well 

beyond immediate trophic effects. Like the vascular 

land plants discussed earlier, animals are capable of 

altering physical environments and thereby defining the 

larger-scale ecological context. The classic case of such 

ecosystem ‘engineering’ (Jones et al., 1994) is the dam-

building behaviour of beavers, which not only creates 

vast expanses of temperate wetland, but also increases 

habitat heterogeneity, sediment and nutrient retention, 

and associated biodiversity (Naiman et al., 1994). A com-

parable degree of engineering occurs in marine settings, 

where coral reefs and kelp forests dissipate wave energy, 

stabilize sediments, and provide the framework for 

unique, multidimensional ecosystems (Estes and 

Duggins 1995, Idjadi and Edmunds, 2006; Alvarez-Filip 

et al. 2009).

Smaller animals have less individual engineering 

potential, but can more than make up for this through 

their collective activities. The addition of minnows to 

clear-water lakes, for example, can switch the principal 

zooplankton from cladocerans to slower-growing 

 copepods, leading to increased phytoplankton densities, 

increased water-column turbidity, eutrophication, and 

bottom water anoxia. In the Lower Great Lakes (Ontario, 

Erie, Michigan), it was the invasion of suspension- 

feeding dreissenid (zebra) mussels – in concert with a 

multibillion dollar investment in sewage treatment – 

that finally restored their historical clear-water condi-

tions (Higgins et  al., 2008). Ironically, the lakeshores 

have recently become more fouled than ever by 

Cladophora glomerata blooms, despite the fundamentally 

lower levels of nutrient loading. By clearing the water 

column of suspended phytoplankton the mussels 

greatly expanded the photic-zone habitat for benthic 

Cladophora, at the same time as their shell-beds created 

abundant new hard-substrate on which these algae can 

become established.

All ecosystems are engineered at some level by the 

organisms they support, which in turn are dependent on 

the nature of the ecosystem. Such interdependency gives 

rise to positive feedback effects and hysteresis, with eco-

systems sometimes shifting dramatically between alter-

native stable states (Scheffer and Carpenter, 2003). Thus 

the cladocerans and zebra mussels responsible for clear-

water conditions in lakes tend to reinforce the clear-water 

conditions in which they thrive, thereby increasing the 

system’s resilience to turbidity-inducing nutrient load-

ing. Even so, at some level of nutrient input (and/or 

reduced grazing) the system can be overloaded, tipping it 

into a stratified, turbid-water state, which is further rein-

forced by the exclusion of benthic suspension feeders. 

Under such positive feedback conditions, the original 

clear-water state is not recovered by simply returning to 

the original conditions; rather, some destabilizing over-

shoot is required – such as the introduction of voracious 

suspension-feeding mussels. But there are always other 

complexifying engineers: benthic feeding fish, for exam-

ple, can induce significant levels of non-algal turbidity by 

resuspending sediment and removing macrophytes, 

thereby excluding benthic suspension feeders. It is this 

complex feedback between biologically and physically 

defined environment that makes the business of restora-

tion ecology so unpredictable (Byers et al., 2006).

11.3.2 Alimentation, bioturbation and biomineralization

All heterotrophic organisms are in the business of feed-

ing which, when conducted by relatively large organ-

isms such as animals, tends to move, mix or package 

aspects of the environment that would not otherwise be 

moved, mixed or packaged. Migratory fish, for example, 

transport significant amounts of marine-derived nutri-

ents to freshwater lakes and streams (e.g. Schindler et al., 
2005), and the guano of sea-birds often has profound 

effects on the functioning of island ecosystems 

(Anderson and Polis, 1999).

In a similar fashion, zooplankton fertilize much of the 

marine shelf benthos by repackaging phytoplankton 

into rapidly sinking, nutrient-rich faecal pellets. 

Although faecal pellets are not the only means of export-

ing phytoplankton out of the water-column (Turner, 

2002), their contribution to the ‘biological pump’ is both 

quantitatively and qualitatively significant (Wassmann, 

1998, Hernández-León et  al., 2008). The faecal pellets 

and pseudo-faeces of benthic suspension-feeders also 

serve as an important link between the plankton and 

benthos, not only with respect to nutrients but by recon-

stituting enormous volumes of suspended clay into 

dense sand-sized particles (Pryor, 1978). Moreover, the 

osmoregulatory requirement of marine fish to continu-

ously drink results in enormous quantities of physiolog-

ically excreted carbonate – representing as much as 15% 
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of total carbonate production in the modern oceans 

(Wilson et al., 2009).

Metazoans larger than about a millimetre also intro-

duce substantial amounts of turbulence to the environ-

ment while pursuing their individual ecologies. 

Although trivial in subaerial settings, it has been argued 

that metazoans contribute as much mechanical energy 

to the world’s oceans as winds and tides (Huntley and 

Zhou, 2004, Dewar et al., 2006). Whether or not such cal-

culations are quantitatively realistic (Visser, 2007), the 

activities of zooplankton, fish and aquatic mammals 

represent a qualitatively distinct style and distribution 

of marine turbulence, with potentially enormous knock-

on effects for marine stratification, nutrient regeneration 

and phytoplankton ecology.

By far the most substantial environmental mixing by 

animals is their bioturbation of sediments and soils. 

Such activity is dominated by relatively large organisms 

capable of moving sedimentary grains and ventilating 

otherwise anoxic environments (Jumars et  al., 1990). 

Like the subsurface components of vascular land plants, 

infaunal animals have a profound effect on substrate 

permeability, erodibility, carbon burial, nutrient recy-

cling and habitat facilitation.

The geobiological consequences of animal bioturba-

tion depend on particular infaunal behaviours. Deposit 

feeding, for example, results in the mixing (and/or 

unmixing) of constantly ingested sediment, whereas the 

construction of open burrow systems is likely to have 

greater impact on advective ventilation (Aller, 1982). 

Bioturbation in soils is dominated by earthworms, ants, 

termites and burrowing mammals, which are responsi-

ble for a wide range of engineering effects – from 

increased nutrient regeneration, primary productivity 

and carbon burial, to textural modification and aeration 

(e.g. Folgarait, 1998, Reichman and Seabloom, 2002, 

Wilkinson et al. 2009). By volume, it is the highly motile, 

non-selective deposit feeders that do the most work, 

while habitat heterogeneity and its compounding effects 

on biodiversity tend to derive from more localized 

‘intentional’ engineers (Joquet et al., 2006). Geophagous 

earthworms, for example, homogenize soil environ-

ments, whereas the nest-building behaviour of ants and 

termites gives rise to islands of concentrated influence, 

often in collaboration with other behaviourally complex 

species. Terrestrial bioturbators also play an important 

role in controlling landscape topography by altering soil 

coherence and mobility (Deitrich and Perron, 2006, 

Wilkinson et al. 2009).

Subaqueous soft sediments are fundamentally more 

homogeneous than soils, and are generally supplied 

with more digestible, nutrient-rich organic material. 

As such, they are intensively and (almost) ubiquitously 

processed by infaunal deposit and detritus feeders. 

Shallow water infaunal echinoids, for example, 

 completely rework surface sediments over the course of 

a few days (Lohrer et al., 2004), and virtually all marine 

sediments are thought to pass through the guts of 

deposit feeders at least once before final burial (Jumars 

et  al., 1990). Bioturbating marine infauna – primarily 

polychaetes, bivalves, echinoids and crustaceans – are 

also responsible for marked increases in oxygen demand, 

sulfide oxidation and ammonium generation, while 

organic carbon burial may be enhanced by sediment 

mixing. At a structural level, bioturbation disrupts both 

the physical and microbial binding of sediments result-

ing in relatively ‘soupy’ substrates and increased 

 bottom-water turbidity. With submarine soft-sediments 

covering well over half the planet – and subaerial soft-

sediments covering much of the rest – bioturbating 

 animals represent one of the planet’s most influential 

engineering guilds.

Although burrowing and necto-benthic animals tend 

to disrupt sub-aqueous sediments, those that live epi-

faunally often contribute substantially to sediment sta-

bilization (Reise 2002). The most obvious stabilizers are 

colonial/modular invertebrates with a capacity to con-

struct, baffle and bind various types of wave-resistant 

reefs (e.g. corals, sponges, bryozoans, oysters). As with 

plants on land, animal-induced stabilization in the 

marine realm is usually associated with relatively large 

body-sizes and sessile habits, though it also occurs in 

certain motile forms such as sediment-climbing mussels 

(van Leeuwen et al. 2010). By engineering unique high-

energy environments, reef-forming metazoans also bear 

directly on water turbulence, wave dissipation, and 

shoreline dynamics (Idjadi and Edmunds, 2006, Alverez-

Filip et al., 2009).

One of the principal factors contributing to modern 

marine environments is the enormous capacity of 

marine invertebrates to precipitate biominerals from 

seawater. In addition to their structural function in reefs, 

biomineralized skeletons play a defining role in many 

level-bottom settings. The unique hydraulic properties 

and accompanying taphonomic feedback of metazoan 

bioclasts create a range of structurally and ecologically 

unique sedimentary environments, including spicule 

mats, shell beds and cheniers (Kidwell and Jablonski, 

1983, Liu and Walker, 1989, Bett and Rice, 1992, Gutierrez 

et al., 2003).

Metazoan biomineralization also contributes signifi-

cantly to ocean chemistry through the enzymatically 

enhanced precipitation of carbonate and silica, though it 

is unicellular protists – most notably coccolithophores 

and diatoms – that currently determine the larger-scale, 

biogeochemical impact of biomineralization. Even so, 

there is a strong case for linking the evolution of biomin-

eralizing phytoplankton to the escalatory effects of graz-

ing metazoan zooplankton (Smetacek, 2001; Hamm et al., 
2003), which would make animals responsible – either 
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directly or indirectly – for the majority of  biomineral 

 production in the modern ocean.

11.3.3 Evolutionary engineering and the 
Ediacaran–Cambrian radiations

The overarching effect of animal ecology on environ-

ment identifies the modern biosphere as fundamentally 

and pervasively metazoan. This was not always the 

case, however, and it is clear that the style and degree of 

influence has varied over evolutionary time (Erwin, 

2008). At some point in the past beavers did not build 

dams, earthworms did not mix soil, and there were no 

coccolithophores or coral reefs. Bioturbation has been a 

feature of most marine sediments for the past 550  million 

years, but the intense ‘biological bulldozing’ typical of 

the modern oceans is a relatively recent, Mesozoic, 

invention (Thayer, 1983). Indeed, it was not so long ago 

that animals had yet to evolve, and ecosystems were 

engineered exclusively by microbes. Consideration of 

this pre-metazoan ‘microbial world,’ and its transition 

into the Phanerozoic, offers a unique view of how ani-

mals came to dominate the structure and function of the 

modern biosphere (Butterfield, 2007, 2009, 2011).

Whether animals – specifically organ-grade eumeta-

zoans – have deep Proterozoic roots is a matter of long-

standing debate, but it is clear that they were of no 

geobiological significance until the Ediacaran. Not only 

is there no fossil record of pre-Ediacaran eumetazoans, 

but the profound evolutionary stasis expressed by 

 contemporaneous microfossils reflects the absence of 

any significant co-evolutionary drivers, at least with 

respect to organism size or morphology (Peterson and 

Butterfield, 2005; Butterfield, 2007). The break comes in 

the earliest Ediacaran, which sees an unprecedented 

radiation of large, morphologically complex microfos-

sils and an order-of-magnitude increase in rates of 

 evolutionary turnover – indirect but compelling evi-

dence for the appearance of organ-grade eumetazoans. 

A further early Cambrian radiation of microfossils – this 

time representing phytoplankton – is most reasonably 

interpreted as a co-evolutionary response to the appear-

ance of metazoan zooplankton, with myriad feedback 

effects driving the Cambrian explosion of large animals 

(Butterfield, 1997, 2007, 2011).

Interestingly, the Ediacaran and early Cambrian also 

represent an interval of pronounced change in oceanic 

chemistry and structure, including a switch from cyano-

bacteria- to algae-dominated export production (Knoll 

et al., 2007), increased rates of vertical transport (Logan 

et al., 1995), and a progressive ventilation/oxygenation 

of the deep ocean (Canfield et  al., 2007). The conven-

tional interpretation of these data is that they reflect 

‘bottom-up’ shifts in biogeochemical cycling, giving 

rise  to an oxygenated atmosphere and the ‘permissive 

 environments’ that allowed both eukaryotic algae and 

animals to pursue their full evolutionary potential. 

There is, however, an alternative ‘top down’ interpreta-

tion, which recognizes animals as powerful, context-

altering, geobiological agents – the cause rather than the 

consequence of geochemical perturbation (e.g. Logan 

et al., 1995; Butterfield, 1997, 2007, 2009, 2011). Qualitative 

shifts in the Neoproterozoic-Cambrian sulfur record, for 

example, have recently been ascribed to the onset of 

bioturbation-induced sulphide oxidation (Canfield and 

Farhquar 2009).

Insofar as animals play a fundamental role in struc-

turing aquatic ecosystems, it is clear that the pre- 

Cambrian and pre-Ediacaran oceans must have operated 

in a fundamentally different manner than their modern 

counterparts. Certainly the absence of Phanerozoic-

style  biomineralization and bioturbation would have 

imparted a distinctly non-uniformitarian quality to 

early benthic environments, with important implica-

tions for sediment stability, benthic ecology and biogeo-

chemistry (Aller, 1982, Seilacher, 1999, Droser et al., 2005, 

Canfield and Farquhar, 2009). In the pelagic realm, the 

absence of metazoans would have precluded the faecal 

export of surface productivity (Logan et  al., 1995), as 

well as the calcium carbonate currently generated by 

fish (Wilson et al., 2009).

But animals do more than engineer physical environ-

ments. They are also powerful agents of co-evolutionary 

change, directly responsible for the Phanerozoic radia-

tions of organism size, morphology and biomineraliza-

tion (Vermeij, 1994, Butterfield, 2007, 2011). Body size is 

of particular significance in aquatic ecology, and in the 

case of phytoplankton there is a clear advantage – in 

terms of buoyancy, nutrient scavenging and self-shad-

ing – for maintaining small cell size. The paradox in the 

modern oceans is that the vast majority of export 

 production is represented by relatively large-celled, 

morphologically diverse, and often substantially 

biomineralized eukaryotic phytoplankton (Hutchinson, 

1961) – for which the best explanation is a top-down 

 ecological trade-off imposed by suspension-feeding 

zooplankton (Smetacek, 2001; Jiang et  al., 2005). In the 

(pre-metazoan) absence of such selective pressures, 

phytoplankton are expected to be both small and non-

biomineralizing, leading to  fundamentally lower rates 

of sinking, increased  surface-water turbidity, and a com-

pounding positive feedback in favour of stratified, 

cyanobacteria- dominated oceans – all of which are fea-

tures of the Proterozoic record (Knoll et al., 2007; Canfield 

et  al., 2007; Butterfield, 2009). Given the sudden, often 

profound regime shifts associated with ecological per-

turbation in modern ecosystems (Scheffer and Carpenter, 

2003), the Ediacaran introduction of organ-grade meta-

zoans can be usefully viewed as the tip-off point between 

two alternative stable states in planetary function 
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(Butterfield, 2007, 2009, 2011): on the one hand a micro-

bial world dominated by prokaryotic ecologies and evo-

lutionary stasis, and on the other the extraordinarily 

diverse and dynamic world of the Phanerozoic.

11.4 Conclusions

Multicellular plants and animals clearly have an over-

arching impact on ecosystem function in the Phanerozoic, 

and there is little doubt that the biosphere would have 

worked in fundamentally different way prior to their 

appearance. All organisms act as geobiological agents, 

but the influence of any one component is highly 

dependent on the overall context, with a potential for 

powerful, highly idiosyncratic and non-linear feed-

backs. Certainly the evolution of land plants gave rise to 

conditions that encouraged the proliferation of land 

plants and exerted profound impacts on the Earth sys-

tem (Beerling, 2007), while the rise of animals inevitably 

constructed the opportunities for ever more animals.

Both animals and plants engineer novel environ-

ments, but they also engineer one another over evolu-

tionary time scales. Land plant diversity is pervasively 

linked to the co-evolutionary effects of animals – most 

obviously in the form of pollination mutualisms and 

top-down responses to herbivory (Fenster et  al., 2004; 

Holdo et  al., 2009) – but so, too has terrestrial animal 

diversity been facilitated and driven by plants. Thus 

the  great radiations of Tertiary mammals were as 

much  a  product of evolving grasses and expanding 

grasslands as the expansion of grasslands was driven by 

the co-evolutionary radiation of mammals, disease and 

fire (Retallack, 2001; Holdo et al., 2009; Gill et al., 2009). 

More recent evolutionary and technological innovations 

have of course expanded the geobiological influence of 

plants and animals out of all proportion, reengineering 

planetary environments, climate and biodiversity as 

they pursue their own evolutionary advantage.
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