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MODELING THE EVOLUTIONARY RISE OF ECTOMYCORRHIZA ON
SUB-SURFACE WEATHERING ENVIRONMENTS AND THE
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ABSTRACT. For the past two decades, the spread of angiosperm plants in the
Cretaceous and Paleogene has been thought to have enhanced silicate weathering
fluxes of Ca and Mg to the oceans, thereby drawing down atmospheric CO, and
ultimately sequestering it in marine carbonate sediments. However, the rise of angio-
sperm trees in the Cretaceous was coincident with the evolution of ectomycorrhizal
fungal associations in angiosperm and gymnosperm trees that have increasingly
supplanted trees with the ancestral arbuscular-mycorrhizal associations. This repre-
sents the most profound alteration in root functioning to occur in plant evolutionary
history, with far-reaching implications for weathering and soil biogeochemistry be-
cause the fine roots are enveloped with a fungal sheath. Ectomycorrhizal fungi provide
the main nutrient and water-absorbing interface with soil, and the pathway through
which organic acids and protons are actively secreted at the scale of individual mineral
grains. Here, we test the hypothesis that the rise of ectomycorrhizal trees was a major
contributor to the drawdown of atmospheric CO, over the past 120 Ma through
enhanced silicate weathering. We developed a process-based soil chemistry model
incorporating the effects of plants with ancestral arbuscular mycorrhizas, and more
recently evolved ectomycorrhizas on soil chemistry via its effects on the biological
proton cycle, and integrated it into a leading model of the long-term carbon cycle
(GEOCARBSULF). Our mechanistic, process-based modeling reveals that the rise of
ectomycorrhizal trees can explain the CO, drawdown previously attributed empirically
to the spread of angiosperms. We suggest, therefore, that the evolutionary rise of
ectomycorrhizas represents an important driving force of the long-term carbon cycle
by enhancing chemical weathering and draw-down of atmospheric CO, into marine
carbonates.
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INTRODUCTION

On multi-million-year timescales, the release of calcium and magnesium during
the weathering of continental silicate minerals is considered to be a controlling factor
regulating the long-term carbon cycle, atmospheric CO, and, therefore, global cli-
mate. The overall process can be represented by the following expression which
summarizes many intermediate steps (Ebelmen, 1845; Urey, 1952; Berner and Maasch,
1996):

COy(air) + CaSiOy(land) — SiOy(land, sea) + CaCOs(sea) (1)
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A similar, but more complicated expression holds for magnesium, which substitutes
for calcium on the ocean floor and results in the deposition of calcium carbonate
(Hardie, 1996).

Plant activities enhance the weathering of terrestrial silicate rocks by several
mechanisms, including: i) the alteration of soil solution chemistry by ion exchange
during nutrient uptake, respiration, and organic matter decomposition, ii) changes to
soil hydrology as a result of evapotranspiration, and iii) physical binding and stabiliza-
tion of soil particles (Berner and others, 2003). Such mechanisms are represented by
empirical functions in models of the geochemical carbon cycle that lump all processes
into a single effect (Berner, 1991, 1994; Berner and Kothavala, 2001; Bergman and
others, 2004; Berner, 2006a, 2006b, 2008). These empirical functions attempt to
represent differences in the weathering efficiencies of vegetation as a result of
evolutionary innovations, such as the origination and geographical spread of trees in
the Palaeozoic, and the later rise of angiosperms in the Mesozoic. For the Palaeozoic,
these functions are based on contemporary field studies measuring the differences in
stream-water concentrations of calcium and magnesium as influenced by trees or by
lichens and mosses (Drever and Zobrist, 1992; Arthur and Fahey, 1993; Moulton and
others, 2000). Comparing these studies, Berner (2004) showed that trees increase Ca
and Mg concentrations by a factor of four compared to lichens and mosses.

In the 1980s, several authors suggested that the spread of angiosperms, especially
deciduous angiosperms, might have accelerated silicate weathering (Knoll and James,
1987; Volk, 1989), due to differences in nutrient cycling between deciduous and
evergreen trees. A 114 percentincrease in Ca and Mg delivery to the oceans during the
major angiosperm radiation approximately 130 to 80 Ma (Crane and Lidgard, 1989)
was supported by comparison of independent proxy data (Ekart and others, 1999) with
GEOCARSB III (Berner and Kothavala, 2001). However, subsequent field-based obser-
vational evidence for differences in weathering efficiency between angiosperm and
gymnosperm vegetation is equivocal (Berner and others, 2003; Taylor and others,
2009). Furthermore, important gymnospermous trees of the Permian, Mesozoic and
Paleogene were deciduous (Douglas and Williams, 1982; Spicer and Parrish, 1986;
Spicer and Chapman, 1990; Rees and others, 1999; Falcon-Lang, 2000), and many
tropical angiosperms are evergreen, so the deciduous leaf habit cannot be considered
a purely angiosperm trait.

Based on an extensive synthesis of the literature, we recently developed an
alternative hypothesis. We pointed out that an overlooked and potentially important
biological factor driving atmospheric CO, change during the Mesozoic and Cenozoic
is the rise of a major group of symbiotic soil fungi forming ectomycorrhizas with tree
roots (Taylor and others, 2009). Our review presented evidence that ectomycorrhizal
(EM) fungi differ from the ancestral arbuscular mycorrhizal (AM) fungi in that they
exude low molecular weight organic chelators (for example, Griffiths and others, 1994;
Sun and others, 1999; van Hees and others, 2006; Gadd, 2007), and may acidify soils to
a greater extent (for example, Cromack and others, 1979; Sohet and others, 1988;
Binkley and Valentine, 1991; Augusto and others, 2002). EM fungi prevent direct
contact between soil and infected root tips, whereas AM fungi do not (fig. 1). EM fungi
associate with both eudicot angiosperms and gymnosperms, including locally to
regionally dominant boreal, tropical, and temperate tree families such as Pinaceae,
Dipterocarpaceae, and Fagaceae. We therefore postulated that the origination and
spread of EM fungi that occurred over the same interval as the rise in angiosperms
represents an important contributory biotic factor driving the drawdown in atmo-
spheric CO, over the past 120 million years.

Here, we report the development of a process-based model that accounts for the
differing effects on soil chemistry of fine roots, AM and EM fungi to address this biotic
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EM root tips without hairs

Fig. 1. Roots and mycorrhizal fungi. Arbuscular-mycorrhizal (AM) roots, in particular the root hairs,
exchange ions with the surrounding medium (A). Their capacity for nutrient uptake is enhanced but not
superseded by AM fungi. Ectomycorrhizal (EM) fungi fundamentally alter plant-mineral relationships by
preventing direct contact between soil and colonized root tips (B, C). EM root tips are sheathed with
mycelium and have no active root hairs. Since EM fungi are almost solely responsible for nutrient uptake for
the host tree, they have much longer hyphal lengths than AM fungi. Cordlike bundles of hyphae
(rhizomorphs) transport nutrients from the most distant hyphae to the roots. Photo: Adele Duran and
Jonathan Leake.

weathering hypothesis. Our model includes representation of the biological cycling of
protons and alkalinity (Banwart and others, 2009) occurring in discrete regolith zones:
i) the soil which is in contact with or under the influence of living roots and
mycorrhizal hyphae (the mycorrhizosphere), and ii) the remaining bulk soil where abiotic
weathering dominates. We developed numerical routines for calculating weathering
rates on basalt and granite that incorporate simple yet rigorous equilibrium chemistry
(Stumm and Morgan, 1996) and rate laws (Palandri and Kharaka, 2004; Brantley,
2008), and implemented these in a version of the GEOCARBSULF model (Berner,
2006b, 2008) to mechanistically evaluate the above hypothesis. In the mycorrhizos-
phere, weathering is largely driven by ion exchange during nutrient uptake, and the
exudation of organic acids. Our model also reflects the differing abilities of the two
types of mycorrhizal fungi and roots to direct nutrient uptake activity to nutrient
sources such as Ca and Mg bearing minerals in the mycorrhizosphere.
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Fig. 2. The biological proton cycle. This figure shows the stoichiometry used by Banwart and others
(2009) in their model of weathering processes in the Risfallet catchment, Sweden, in the idealized case
where no ions enter or leave the system. It assumes that the reactive fraction of the dissolved organic carbon
(DOC) can be modeled as oxalate.

THE BIOLOGICAL PROTON CYCLE

The effects of both tree roots and mycorrhizal fungi on sub-surface weathering
environments can be unified through the concept of the biological proton cycle
(Banwart and others, 2009, fig. 2). The biological proton cycle describes the stoichiom-
etry of reactions during the uptake of mineral nutrients by plants and symbiotic root
fungi during growth and the subsequent return of these nutrients during decomposi-
tion of organic matter. Overall, these reactions determine the net flux of protons into
and out of the sub-surface environment and therefore the acid-base balance and its
influence on the pH of the mineral weathering environment (fig. 2).

Nutrient Uptake During Plant Growth

The biological proton cycle is initiated when fine roots and fungal hyphae expel
protons into the surrounding medium, thereby attracting nutrient cations into the
cells against their concentration gradients. This process acidifies the solution in the
immediate vicinity of these structures. Nutrient anions, on the other hand, may be
imported into the cell together with charge-balancing protons (Marschner, 1995),
alkalizing the surrounding solution. Uptake can lead to alkalization or acidification
depending on the nitrogen form available (NO;~ or NH, ", respectively). Release of
organic anions can also have variable effects on pH.
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Organic Acid Exudation

Unlike AM fungi, EM fungi exude low molecular weight organic acids (LM-
WOAs). Oxalate is one of the most important LMWOAs exuded by EM fungi
(Landeweert and others, 2001; Hoffland and others, 2004), under both field (Cro-
mack and others, 1977; Cromack and others, 1979) and laboratory (van Hees and
others, 2006; Johansson and others, 2008) conditions. Oxalate production by EM fungi
varies with a variety of factors including hyphal density, fungal species, and the
minerals present (Griffiths and others, 1994; Arvieu and others, 2003; Casarin and
others, 2003; Rosling and others, 2004; van Hees and others, 2006). Arvieu and others
(2003) and Casarin and others (2003) observed lower hyphosphere pH with exudation
of oxalate for EM fungi where the external reference pH was above the pKvalues of the
ionization constant for oxalate. LMWOAs have a residence time in the soil solution on
the order of hours (van Hees and others, 2005a), and although this can be longer in
the mineral soil than in the organic layer due to adsorption to the solid phase, these
authors suggested that LMWOAS turn over in solution up to 80 times per day.

Decomposition

Plant material provides a terrestrial reservoir of alkalinity and base cations such as
Ca®", Mg**, and K", which are returned to the soil during decomposition (fig. 2),
stemflow and foliar leaching. A second pool of more slowly decomposing transportable
material sequesters alkalinity from the soil profile, resulting in net acidification
(Banwart and others, 2009). In a theoretical steady-state forest, where decomposition
keeps pace with growth, and without loss of cations or organic matter from the system,
there should be no net acidification of the soil. Net acidification occurs in aggrading
ecosystems (Nilsson and others, 1982; Knoepp and Swank, 1994; Huttl and Schaaf,
1995; Jobbagy and Jackson, 2003) where uptake during canopy development exceeds
return of nutrients in litter (Miller, 1995), and in harvested and natural systems where
biomass is removed and nutrients are not returned to the soil. Bolan and Hedley
(2003) reviewed the evidence for acidification of agricultural soils due to disruption of
the C, N and S cycles via removal of plant material, accumulation of partially-
decomposed organic matter, and nutrient leaching. Nutrient loss is also accelerated by
rainfall following forest fires (Malmer, 1996), as well as by leaching and volatilization
(Boerner, 1982). Reactive organic anions associated with the slowly decomposing pool
of organic matter may act as ligands, contributing to the weathering of minerals. We
followed Banwart and others (2009) in modeling these reactive species as oxalate.

MODELING APPROACH

Our approach to modeling the effects of the arbuscular and ectomycorrhizal
fungi on Ca-Mg silicate mineral weathering and atmospheric CO, aims to capture the
key processes underpinning the biological proton cycle (fig. 2) with a soil module that
can be implemented within an established geochemical carbon cycle model (Berner,
2006b, 2008).

Under the assumption that the largest fluxes of Ca and Mg will come from that
part of the global regolith undergoing far-from-equilibrium weathering on young
reactive mineral soils with low clay content, we restrict our attention to the vadose zone
(above the water table). We divide the vadose zone into the bulk soil solution and the
soil that is under the influence of fine roots and mycorrhizal hyphae (the mycorrhizos-
phere).

Using the conceptual model shown in figure 2, and expressing respiration as a
function of net primary productivity (NPP), we can link the pH of both the mycorrhi-
zosphere and bulk soil, and the concentration of organic ligands in the bulk soil,
directly to carbon fixation in the form of NPP.
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Combined with the volumes of the bulk soil and mycorrhizosphere, the mineral-
ogy of the parent materials, and parameters already calculated by GEOCARBSULF, we
calculate fluxes of Ca and Mg to the oceans at one million year timesteps throughout
the last 200 Ma. This timespan encompasses the evolution and spread of both
angiosperms and the ectomycorrhizal symbiosis.

Terrestrial Net Primary Productivity (NPP)

The primary driving force for the biological proton cycle is the NPP of terrestrial
vegetation because it ultimately provides the carbon energy flux into roots and
mycorrhiza that take up mineral nutrients and drive weathering in the sub-surface
environment (fig. 2). Our model therefore begins by estimating the changing global
terrestrial NPP over the Phanerozoic based on Michaelis-Menten-type functions em-
ployed in previous geochemical models (Berner and Kothavala, 2001; Bergman and
others, 2004; Berner, 2006a). These functions approximate changes in the rate of
photosynthesis due to the effects of varying temperature and the relative concentra-
tions of COy and Oy in the atmosphere in the efficiency of Rubisco, the primary
carboxylating enzyme in Cg land plants.

We evaluated these functions by comparing them with independent estimates of
global terrestrial NPP from simulations in which a process-based terrestrial carbon
cycle model is forced with palaeoclimate simulations for six different internals over the
Phanerozoic (Beerling and Woodward, 2001) (fig. 3A). Of the four functions shown,
the fire-corrected function of Bergman and others (2004) best fits the six NPP
estimates. This is the most complicated of the four functions tested (see their eqs 3-8),
and the only one that successfully fits the Carboniferous estimate. All four functions
were scaled using a smoothed version of the land plant colonization function of
Bergman and others (2004) in the Palaeozoic, and a modern NPP of 62 GtC y '
(Saugier and others, 2001).

Results from free-air CO,4 enrichment (FACE) experiments with different ecosys-
tems provide a means of testing the COqyresponses of the NPP functions (Norby and
others, 2005). FACE data include the responses of one EM tree (Pinus taeda), one AM
tree (Liquidambar styraciflua), and several species of Populus which may be AM or EM.
All four of our test NPP functions fit the FACE data well (fig. 3B). However, FACE
experiments exposed ecosystems to a COy level that is only about twice that of the
present day, whereas atmospheric CO, may have been half an order of magnitude
higher than the pre-industrial present during the Cretaceous.

Distribution of Roots and Hyphae in Soil

We modeled the distribution of fine roots and EM hyphae in soils using fine root
data (Thelin and others, 2002) and hyphal data (Wallander and others, 2004) from
Jamjo, Sweden. Wallander and others (2004) measured the biomass of mycelium in
both soil and in sand in-growth bags, and hyphal lengths in the in-growth bags,
allowing soil biomass data to be converted to hyphal lengths in soil under the
assumption that hyphal diameter and mass per unit length, but not total length, are
the same for sand and for soil. With these data, we can check whether EM fungi and
fine roots have similar distributions with soil depth. Comparable data are lacking for
AM trees. Since AM hyphae colonize AM root systems evenly with depth for three of
the four trees examined by Ingleby and others (1997), we assume that AM hyphal
lengths have a similar depth distribution to AM fine root lengths.

Following Cerling (1991), we used an exponential soil CO, production function:

d(2) = Pp(0)exp(—%/7) (2)
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Fig. 3. Response of vegetation to changes in atmospheric CO,. (A) Terrestrial net primary productivity
(NPP) throughout the Phanerozoic. Approaches used in long-term carbon cycle models are based on
various Michaelis-Menten formulations (Volk, 1987; Berner, 1991; Bergman and others, 2004) and these
have been scaled using a smoothed version of the plant colonization function of Bergman and others (2004)
and modern-day NPP (Saugier and others, 2001). Estimates of NPP from the vegetation model of Beerling
and Woodward (2001) are included for comparison. (B) Response of NPP to elevated COs,.
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where z is a characteristic depth which, when multiplied by the fine root or hyphal
length density ¢(0) at the top of the soil (depth z=0), gives the integral of the
production function, that is, the total length of fine roots or hyphae, over all depths.
We expect equation (2) to describe the distribution of respiring organisms with depth,
and therefore also the lengths of fine roots and mycorrhizal hyphae and the soil
volume containing them.

The fits for Picea abies are good for both fine roots (fig. 4A) and EM hyphae (fig.
4B) in the mineral soil. There are fewer fine roots in the organic layer than our simple
function predicts, but a more complicated distribution, such as Gaussian, does not fit
the data in the mineral soil as well as the exponential fit to all data in the mineral soil
only (fig. 4A).

Equation (2) fits the hyphal data for Picea abies very well, even in the organic layer
(fig. 4B). High hyphal lengths near the surface allow Picea abies to take advantage of the
organic nitrogen in the organic layer. Unfortunately, similar data are lacking for other
trees. There are mixed Quercus-Picea stands at Jamjo, where the distribution of hyphae
is dominated by Picea abies in the organic layer, with hyphal lengths that exceed those
of the pure Picea abies stands. This is probably due to partitioning of the soil between
the two species as a result of competition, as suggested by Wallander and others (2004).
Therefore, in the mineral soil, the dominant hyphae may be associated with Quercus
robur. If we ignore the data from the organic layer and extrapolate the remaining data
to the top of the soil, we get a hyphal length density of 125 m cm ™ (soil) for Quercus
robur.

We assume that there is little organic material in the soils of interest for global
weathering, and therefore we ignore both the lack of fine roots and the extreme
hyphal lengths in the organic layer of this Swedish forest and use the same for both fine
roots and hyphae.

Jackson and others (1997) expressed the global distribution of fine roots in terms
of an extinction function that is not identical to equation (2), but we can readily derive
parameters for equation (2) with their data. If we use area-weighted means for
temperate and tropical forests and plot the resulting characteristic depths for their
woody biomes with NPP data from Saugier and others (2001), we get a linear
relationship (fig. bA):

Hem) = 10.1(cm) + 0.026 X NPP(gC> (3)

m’y

Equation (3) allows us to eliminate the characteristic depth from our list of model
parameters. We did not find any relationship between NPP and fine root lengths,
either at the top of the soil (¢(0)) or throughout the soil.

We can add the characteristic depths for the stands at Jamjo to figure 5A. Using
the net productivities and wood densities from Thelin and others (2002), a conversion
factor of 0.3879 ¢C g~ ' DWT derived from the stoichiometry of Schnoor and Stumm
(1986), and a factor of 1.65 to convert above-ground NPP to total NPP derived from
data of Saugier and others (2001), we obtained a total NPP of 385 ¢C m™*(land) y~ '
for the Picea abies (spruce, S) stands and 345 gC m~Z(land) y_1 for the mixed (M)
stands. Using these values, equation (3) predicts characteristic depths of 19 cm for
mixed stands, which is close to those calculated from the actual distributions of hyphae
(15.4 cm) and fine roots (18-23 cm, depending on whether the values in the E layer are
averaged or not). We calculated characteristic depths of around 10 cm for both fine
roots and hyphae in the spruce stands, which is shallow compared to that predicted by
equation (3) (20 cm).



sub-surface weathering environments and the geochemical carbon cycle

A Fine root distribution under Picea abies

Depth (cm)

70} H

©
=

Biomass data of Thelin and others, 2002 coverted to lengths

using boreal forest data of Jackson and others, 1997

Exponential fit with surface density 0.046 m cm™
and characteristic depth 9.8 cm, R=0.9977
density at 5 cm depth is 0.028 m cm™
_ Gaussian fit with density 0.020 m cm™ at depth 10.9 cm

sigma=5.35, R?=0.9670

3

3

100 ‘ ‘ ‘
0 0.01 0.02 0.03 0.04
Fine root length density (m cm_3)
B Ectomycorrhizal mycelium in soil under Picea abies
0 T T T T T T

0.05

Depth (cm)

70 b
80 O Hyphal length densities derived from biomass data | |
of Wallander and others, 2004
90} Exponential fit with surface density 368.6 mcm™ |
and characteristic depth 10.9 cm, R%=0.990692
-1 Oo 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

EM Hyphal Length Density (m cm_3)

400

377

Fig. 4. (A) Fine root (Thelin and others, 2002) and (B) ectomycorrhizal hyphal (Wallander and others,
2004) distribution with depth at Jam;jo, Sweden.
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Fig.5. (A) The characteristic depth describing the distribution of fine roots in soil is a linear function of
net primary productivity (NPP). We converted the fine root distributions given by Jackson and others (1997)
to characteristic depths using area-weighted means for depths in temperate and tropical forests. The NPP
data are from Saugier and others (2001). M and S show data for the mixed (Quercus-Picea) and spruce (Picea
abies) stands at Jamjo, Sweden, respectively, calculated from data published by Thelin and others (2002). (B)
The depth distribution of ectomycorrhizal hyphae depends on RCOZ2, the ratio of atmospheric CO, at any
time ¢to that of the preindustrial present. We started with a dlstrlbuuon defined by two parameters: a hypothetical
modern hyphal length density at the top of the soil of 125 m cm ™ derived from the data of Wallander and others
(2004) and a characteristic depth of 30 cm calculated using an NPP of 800 gCm ™y~ " appropriate for temperate
forests (Saugier and others, 2001) for RCO2=1. Then we applied equation (4) to get the hyphal length density
and characteristic depth for 2<RCO2=10. Both the characteristic depth and a rooting depth, defined as that
depth above which 90% of fine roots and hyphae are found, are marked on the curves.
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Root and Hyphal Responses to Elevated CO,

b(elev)
We define R = b(amb) to be the fine root or hyphal response, and
_ plant(elev) be th . . |
= plant(amb) to be the response of the coarse roots and aboveground parts to

elevated (twice ambient, linearly scaled as necessary) CO, as derived from the
literature. These values give the response to a unit change in “RCO27”, the ratio of CO,4
at time ¢ to that at 0 Ma.

The change in NPP for an arbitrary RCO2 is RNPP, which is the ratio of our
calculated NPP for time tand that for 0 Ma. ¢, (0) and ¢,(0) are the fine root or hyphal
lengths at the top of the soil (z=0) at time 0 Ma and time ¢ respectively. The equation

$10) = y(0) X (1 o (RNPP- 1)) (4)

satisfies the following conditions:

1. if RNPP = 1, then ¢,(0) = ¢, (0)

2. if RNPP = P, then ¢,(0) = ¢(0) XR

3. if RNPP = 1, then ¢,(0) = ¢,(0)

4. if RNPP =1, then ¢,(0) = ¢,(0)

Equation (4) should also be used for the characteristic depth, instead of using
equation (3) with the NPP for time ¢, because the latter may not reflect changes in
root-shoot ratio. Instead, we use equation (3) to get zat 0 Ma and then apply equation
(4) to get zat time ¢ The distribution of fine roots is known to shift downwards under
elevated CO, (Norby and others, 2004), and although it is not clear what function
describes this shift, our treatment of root responses captures this effect (fig. 5B).

Soil Respiration

Respiration is needed to calculate the partial pressure of CO, in the soil, because
CO, affects the pH of the soil solution via the carbonate system (Stumm and Morgan,
1995). Malhi and others (1999) present data for tropical, temperate and boreal forests
which allow us to infer a simple relationship between respiration and NPP. Dividing
the sum of the values for below-ground heterotrophic and autotrophic respiration by
NPP, we get a mean value of 1.5 X NPP for total respiration for the three forest types.

The diffusion equation describes CO, concentrations in soil:

aC;
at

&*C,
= Dai;‘9P ﬁ + d)(Z) (5)

where C; is the concentration of CO, in soil, tis time, D;,. is the diffusion constant for
CO, in air, € is the free-air porosity, p is tortuosity, z is depth, and ¢(z) is a CO,
production function for the soil, following the notation of Cerling (1991). As we used
equation (2) for our production function as described above, our solution to equation
(5) for CO, in soil is

Cy(z) = PO 1 z/7)) + C, 6
S(Z) - DahSP ( exp( /Z)) ‘air ( )
The Mycorrhizosphere

The exponential distribution of fine roots and hyphae defines a combined
mycorrhizosphere, such that the organisms acidify the film of water on the minerals
found there. We assume AM fungi are evenly distributed on the AM root system, with
the fungi and fine roots both participating in nutrient uptake. In contrast, the effective
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TaBLE 1

Biological parameters

Value Units Description Comment
0.026 cmdepthg! Cm’y dchar vs NPP slope see text
10.1 cm depth dchar intercept see text
0.018 m cm” soil AM fine root length mean temperate forest value
density derived from Jackson and
others (1997)
0.0 m cm” soil EM fine root length EM trees nutritionally
density dependent on EM fungi
10° mol mroot day”' Oxalate exudation by Maize, Radersma and Grierson
fine roots (2004) using data from Jones
and Darrah (1995)
107 mol m™ hyphae day™ Oxalate exudation by | Pinus sylvestris (van Hees and
EM hyphae others, 2006)
2 H per Ox” Acidification due to 2H", 2K" or one of each will
organic anion balance the charge of one Ox*
exudation, range 0-2
4.17x107 | days residence time of can be less than one hour (van
oxalate in soil Hees and others, 2005b)
solution (one hour)
800 gCm?y! NPP for temperate derived from Saugier and
forests today others (2001)
0.018 m root cm” soil AM fine root length derived from area-weighted
density today average for temperate forests,
Jackson and others (1997)
0.0 m root cm” soil EM fine root length EM roots receive nutrients only
density today from EM fungi
5 m AM hyhae cm™ soil | AM hyphal length Klironomos and others (1997)
density today Populus tremuloides
125 m EM hyhae cm™soil | EM hyphal length derived from Wallander and
density today others, 2004
Quercus robur
0.29 mm fine root radius Jackson and others (1997)
1.4 um hyphal radius van Hees and others (2006)
1.0 dimensionless AM hyphal length derived from meta-analysis of
response to CO, Alberton and others (2005)
changes
1.73 dimensionless EM hyphal length derived from meta-analysis of
response to CO, Alberton and others (2005)
changes
1.56 dimensionless AM fine root length derived from data for
response to CO, Liquidambar styraciflua
changes Norby and others (2002)
1.51 dimensionless EM fine root length derived from data for
response to CO, Quercus alba
changes Norby and others (1986)

EM fine root length density is set to zero (table 1). Over 90 percent of fine root tips of
EM trees are isolated from the soil by sheaths of EM mycelium (Pregitzer and others,
2002), and such roots receive all their water and nutrients via the fungi.
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We model soil as homogenous above the millimeter scale, lacking highly nutri-
tious patches that might encourage root clumping (Robinson, 1996). The rock
fragments in the soil, however, comprise nutrient-rich minerals (table 2) and less
nutritious minerals such as quartz in granite. In our model, fine roots acidify the soil
solution coating all surfaces in the soil volume calculated by multiplying the character-
istic depth by the porosity and saturation for the soil (table 3). This volume is the
effective rhizosphere (table 4). AM and EM hyphae are assumed to seek only the
nutrient-bearing minerals (Leake and others, 2008) within this volume.

We can easily check that our treatment of rhizosphere volume is reasonable. The
rhizosphere can be defined as a hollow cylindrical volume length,,,, X w(R%,; — R,
surrounding the root, with an extent defined by the depletion of nutrients adjacent to
the root. Such a depletion radius is on the order of a few millimeters (Nye, 1981; Li and
others, 1991; Marschner and others, 1991; Kim and Silk, 1999; Ryan and others, 2001;
Hinsinger and others, 2005). Using the NPP and AM root length density in table 1 and
calculating a characteristic depth of 31 cm using equation (3), we solve for an effective
rhizosphere radius of 3.9 mm. The characteristic depth therefore provides a simple
way to estimate the effective rhizosphere volume while allowing mycorrhizal hyphae to
proliferate and form clumps within the same volume. We scale this volume according
to the fraction of the surface area comprising the Ca-Mg rich minerals, estimated using
the mineralogical data in table 5, to get the volume of the hyphosphere. These effective
rhizosphere and hyphosphere volumes are used to calculate H" and oxalate concentra-
tions due to fine root and hyphal ion exchange, respectively. The mycorrhizosphere is
the union of these volumes.

Soil Water

Substantial quantities of water can be transported by hyphae (Duddridge and
others, 1980; Brownlee and others, 1983; Unestam, 1991; Unestam and Sun, 1995;
Querejeta and others, 2003) and brought to weathering sites for the purpose of
nutrient uptake (Sun and others, 1999). We assume therefore that the soil water
content at sites producing high weathering fluxes of Ca and Mg is adequate for
weathering by both fine roots and hyphae.

Given the above assumptions, the residence time of the water is an important
parameter. We estimated this using the unsaturated hydraulic conductivities measured
from the same soils as our porosities and saturations (table 3). The two soils are
geographically close together and should experience similar environmental condi-
tions. We allow our soil water volume to vary with the runoff, which is calculated using
global parameters available in the original GEOCARBSULF model.

Rate Laws for Mineral Weathering

Given a mineral composition for basalt and granite (table 5), we calculate
weathering rates using equations of the form

EﬂPP)

Rate = ;kijx a’ X exp(—RT (7)

where the subscrlpts i and j refer to minerals and weathering agents a (H", H,O,
OH™, CO,;*, oxalate), respectively, k;and n; are experimentally determined parame-
ters E app 1 the apparent activation’ energy, and Rate has units of mol(mineral)

*(mineral) s~'. Using the mineralogical data in table 5, we can convert these
weatherlng rates to release rates of Ca and Mg.

This form of rate law was chosen because such rate laws are readily available for a
range of minerals and weathering agents, allowing us to change them easily without
the mineral-specific and agentspecific programming necessary for more complex
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TABLE 3
Regolith parameters
Value Units Description Reference Comment
0.6 Tm?® effective basalt land area ~ Dessert and flux-weighted area derived
today others (2003) from their Table 2
1.0 m regolith depth
0.7 porosity Wilson (2006) Nigerian basaltic soil
0.66 saturation Wilson (2006) Nigerian basaltic soil
0.009 ym' soil water residence time ~ Wilson (2006) Nigerian basaltic soil
0.49 porosity Wilson (2006) Nigerian granitic soil
0.7 saturation Wilson (2006) Nigerian granitic soil
0014 ym' soil water residence time ~ Wilson (2006) Nigerian granitic soil

formulations. Our rate laws for weathering by H", H,O and OH™ are from the
compilation of Palandri and Kharaka (2004). We use the mean annual temperatures
produced by GEOCARBSULF, which are slightly lower than the temperature range for
which the rate laws were derived (25 °C and over). However, we considered that the
use of rate laws derived in a consistent way and including temperature corrections for
all of our minerals outweighed the extrapolation to lower temperatures.

TABLE 4

Terms, definitions and abbreviations

AM plant or fungus Arbuscular mycorrhizal plant or fungus

Arbuscular mycorrhiza | Partnership between a plant and a fungus of Glomeromycota,
where the fungus complements rather than replaces the uptake
functions of the infected roots. This is the ancestral
mycorrhizal type, dating from at least the Devonian.

EM plant or fungus Ectomycorrhizal plant or fungus

Ectomycorrhiza Partnership between a tree and a fungus of Basidiomycota or
Ascomycota, where the fungus forms sheaths around root tips
and takes over all nutrient uptake functions of the infected
roots.

Ectomycorrhizosphere | Soil under the influence of ectomycorrhizal fungi and fine

roots

Ericoid mycorrhiza

Partnership between an ericaceous plant (such as heather) and
a fungus of Ascomycota, replacing the function of root hairs of
infected roots.

Hyphosphere Soil under the influence of mycorrhizal hyphae

Mycelium Network of hyphae comprising the vegetative parts of a fungus

Mycorrhiza Mutually beneficial partnership between a plant and a fungus

Mycorrhizosphere Soil under the influence of fine roots or mycorrhizal hyphae.
We use it in a broad sense to refer to any combination of
hyphosphere and rhizosphere.

NM plant Non-mycorrhizal plant

Non-mycorrhizal Without mycorrhizal fungi of any kind

Rhizosphere Soil under the influence of fine roots

Tm’ Square terameters (1 Tm = 10" m)
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TABLE 5

Mineralogical data

Rock Mineral Wt% Ca Mg K Na  Reference

Basalt  Labradorite 0.498 0.508 0.000 0.098 0.394 Nockolds (1954)

Basalt  Augite 0.22 042 038 0.00 0.00 Nockolds (1954)

Basalt  Orthopyroxene 0.1526  0.05 0.62 0.00  0.00 Nockolds (1954)
Granite K-feldspar 0.119 0.00 0.00 0.86 0.15  White and others (1996)
Granite  Andesine 0.365 0.33 0.00 0.00 0.64  White and others (1996)
Granite Hornblende 0.071 1.73 2.25 0.15 0.26  White and others (1996)
Granite  Biotite 0.018 0.13 1.75 0.87 0.33  White and others (1996)

Surface Area

Mineral surface area.—Because weathering rates of fresh mineral surfaces used in
experiments are faster than rates measured in the field (for example, White and
Brantley, 2003), BET surface areas derived in the laboratory are not appropriate for
calculating our weathering fluxes. We therefore decided to generate surface area
calibration curves for basalt and granite for the Phanerozoic.

Under the assumption that the GEOCARBSULF model (Berner, 2006a, 2006b,
2008) is valid, we ran our model using the original GEOCARBSULF silicate flux
functions, but also generating weathering rates using our rate laws. Comparison of the
silicate weathering flux F, which is the difference between carbonate burial and
carbonate weathering in GEOCARBSULF, and our weathering rates allowed us to
generate calibration curves for basalt and granite for the Phanerozoic for a chosen
baseline case. Our rates have units of mol m_?(mineral) s~ ' so the correction factor at
each time-step depends on the length of the growing season. We then used these
calibration curves to generate fluxes for non-standard cases in our sensitivity analyses.

For basalt, this calibration curve (fig. 6A) varies between 18000 to 26000
m”(mineral) m~*(land) for the last 200 Ma. This compares favorably with the scaling
value of 20000 derived by Navarre-Sitchler and Brantley (2007) for conversion between
laboratory and watershed basalt weathering rates. Our curve for granite (fig. 6B) is
lower, which is not surprising given published BET surface areas of 8.69 m* g~ ' basalt
and 0.14 m? gfl granite (Neaman and others, 2006). As shown, the use of a shorter
growing season for granites may have been appropriate, given rocks with similar
composition such as gneisses may be found in mountainous regions at higher altitudes
and be subject to seasonal influences to a greater extent than basalts. Our baseline
growing season is one full year (aseasonal conditions). Therefore, our calibration
curves represent the combined influences of mineral surface area and seasonality.
They also reflect the signature of the erosion function (Berner, 2004) used in
GEOCARBSULF (figs. 6A and 6B). The resulting CO, curve matches the GEOCARB-
SULF model everywhere within the last 200 Ma.

Land surface area.—Bluth and Kump (1991) estimated basalt and “shield” (granit-
oid) land exposure areas for the Phanerozoic, but the shield areas in particular are
known to be underestimated (Gibbs and Kump, 1994; Gibbs and others, 1999). Many
exposures are covered by old or thick soils and are not undergoing farfrom-
equilibrium weathering (Stallard, 1995; Hodson and others, 1998; Hodson and
Langan, 1999; White and Brantley, 2003; White and others, 2005; Goddéris and others,
2008). Other areas are either too cold or too dry. Large areas of flood basalts,
including the Siberian Traps, are not producing substantial weathering fluxes today
(Dessert and others, 2003), and the warm, wet Amazon watershed produces surpris-
ingly low Ca and Mg fluxes for its area (Gaillardet and others, 1999). Hartmann and
others (2009) have highlighted the role of very active weathering sites, noting that only
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9 percent of the world’s exorheic area accounts for half the CO, consumption by
chemical weathering. In light of these problems, we do not use any available estimate
of global rock area. Instead, we calculated a flux-weighted effective modern land area
(2 Area; X Flux;)/ (2 Flux;) of 0.6 Tm? (table 3) for basaltic provinces derived from
table 2 of Dessert and others (2003). We then estimate a granite (shield) area using
existing parameters of the GEOCARBSULF model (Berner, 2006b, 2008): an estimate
of the relative weatherability of basalt and granite (“VNV”=2), and the fraction of Ca
and Mg derived from volcanic as opposed to other silicate weathering (“Xvolc”). With
these effective areas, our calibration curves, and a function describing the variation of
the total weatherable (non-ice, non-desert) land area over the Phanerozoic, we
calculate global fluxes of Ca and Mg from basalt and granite.

Distribution of Mycorrhizal Functional Types

We chose a baseline case likely to reflect the prevalence of EM trees and shrubs at
higher altitudes in watersheds, such as the Irrawaddy, and in Southeast Asian rainfor-
ests, where EM dipterocarps are often the dominant trees today.

Although only about 3 percent of modern vascular plant species are EM, these are
the dominant trees of boreal and temperate forests (Read, 1991), which comprise
almost 50 percent of global forested land area (Jackson and others, 1997). The other
50 percent includes regions such as the AM-dominated Amazon lowlands, which
contribute little to global Ca and Mg fluxes per unit area (Gaillardet and others, 1999),
but some tropical forests are dominated by EM trees. Mountainous watersheds with
high Ca and Mg fluxes may have a much higher proportion of EM vegetation. For
example, the Irrawaddy watershed in Southeast Asia is the largest producer of Ca and
Mg from silicate weathering (Gaillardet and others, 1999) and the mountain forests
are dominated by the Pinaceae and Fagaceae (Blasco and others, 1996), with rhododen-
drons at higher altitudes. Rhododendrons are members of the Ericaceae and they have
ericoid mycorrhizal fungi, which, like ectomycorrhizal fungi, exude LMWOAs and
acidify their hyphospheres (Martino and others, 2003). The ericoid mycorrhiza is
probably derived from the ectomycorrhiza (Brundrett, 2002; Wang and Qiu, 2006). It
involves fungal species of Ascymycetes and Basidiomycetes, some of which can form
both ericoid and ectomycorrhizas (Smith and Read, 2008), so these fungi may
resemble EM fungi more closely than AM fungi in a weathering context. Additionally,
parts of the middle and lower reaches of the Irrawaddy watershed are dominated by
the EM family Dipterocarpaceae.

Berner (1991, 1994) assumed that angiosperms radiated between 130 to 80 Ma.
This radiation began at low latitudes (Crane and Lidgard, 1989) but angiosperms were
minor components of the total flora at mid to high latitudes before about 100 Ma
(Lidgard and Crane, 1990). Angiosperm wood is rare until the end of the Cretaceous
(Wing and Boucher, 1998), suggesting that many early angiosperms were herbaceous.
The mycorrhizal status of these early angiosperms was likely to be AM, although
Moyersoen (2006) suggests that the ancestors of the dipterocarps were EM prior to the
separation of Africa from South America at about 135 Ma, and Ducousso and others
(2004) note that the last common ancestor of the EM families Sarcolaenaceae and
Dipterocarpaceae must have been EM prior to the separation of India and Madagascar
at about 88 Ma. Cretaceous ancestors of these families have not been confirmed in the
fossil record. Sarcolaenaceae, presently endemic to Madagascar, is known only from
pollen in Miocene deposits in South Africa (Nilsson and others, 1996), and the
Cambay ambers of Gujarat (52-50 Ma) comprise the earliest physical evidence of
Dipterocarpaceae to our knowledge (Rust and others, 2010). We note that these trees
are not known to be pollinated by wind (Ashton, 2003; Bayer, 2003) and their pollen is
therefore unlikely to be common in the palynological record; we also expect the
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Fig. 6. Effective mineral surface area on (A) basalt and (B) granite. The “roughness” for basalt
watersheds of 20000 published by Navarre-Sitchler and Brantley (2007) is shown for comparison. Our curves
include errors in the global effective growing season length for weathering hotspots. Aseasonal conditions

are represented by the lower curves in each panel; the upper curves indicate seasonality.
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Fig. 6. (continued). (C) Using these calibration curves, we can force our baseline case to match
GEOCARBSULF (Berner, 2006b) throughout the Phanerozoic with the exception of the Devonian, where
GEOCARBSULF (Berner, 2006b) linearly interpolates between an abiotic feedback function given by
RCO2°% in the lower Paleozoic and a Michaelis-Menten function from the Carboniferous onward. We also
generated a “no angiosperm” curve with GEOCARBSULF (Berner, 2006b) by holding the dimensionless
plant weathering efficiency function at the putative pre-Cretaceous gymnosperm value (f;=0.875) for the
last 200 Ma. The standard value for modern vegetation is f;=1.

preservation potential of vegetative structures to be poor in the warm, moist conditions
which are especially conducive to weathering.

Other modern EM angiosperm families, such as Betulaceae and Fagaceae, do not
appear in the fossil record until the Turonian, Santonian or Campanian (Wing and
Boucher, 1998) in the late Cretaceous. It is therefore possible that EM angiosperms
may not have made a significant contribution to CO, drawdown until the late
Cretaceous or early Cenozoic. In the early Cretaceous, EM Gnetales experienced a
radiation at low latitudes (Crane and Lidgard, 1989), whereas fossils of the EM family
Pinaceae were widespread in the northern hemisphere, especially Siberia (Vakh-
rameev and Hughes, 1991). This implies that EM weathering would have been driven
first by gymnosperms, and then by mixed vegetation. Our baseline case therefore
assumes that EM trees begin to displace the ubiquitous AM vegetation at weathering
hotspots from the Cretaceous onwards.

There were also numerical reasons for choosing the more aggressively weathering
EM vegetation as the baseline case: if too much COy is drawn down, then the RCO2
curve will reach a lower limit. This is defined as RCO2=0.7 (~200 ppm), as root
biomass and NPP decline sharply below this CO, concentration (Pagani and others,
2009). Our choice allowed investigation of the relative change in the CO, curve for
scenarios ranging from 100 percent AM to 100 percent EM, and with a range of other
parameters such as hyphal length density, without having our results compromised by
this issue.
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Fig. 7. Effect of net primary productivity and ectomycorrhizal hyphal length density on pH in the
mycorrhizosphere (A) on basalt and (B) on granite. We used our baseline calibration curves in both cases,
and assumed that H" was the counter-ion for low molecular weight organic anions (modeled as oxalate). (C)
The resulting calcium and magnesium fluxes from EM vegetation.

RESULTS

We first conducted a series of sensitivity analyses, generating surfaces (figs. 7 and
8) to determine the simulated effects of model parameters on mycorrhizosphere pH
and flux of calcium and magnesium. These simulations were done for the preindus-
trial present at 0 Ma with parameters for the baseline case shown in tables 1, 2, 3 and 5.
We then explore the effects of parameters related to EM fungi on the long-term carbon
cycle (fig. 9). These parameters are EM oxalate exudation rate, EM hyphal length, and
the percentage of EM vegetation at weathering sites.

Baseline case.—As described above, we assume that sites producing high fluxes of
Ca and Mg (weathering hotspots) have 100 percent EM vegetation growing on soils
derived from basalt or granite today, and that EM trees began to displace AM
vegetation at such hotspots in the Cretaceous. Also, we assume that ammonium was the
dominant form of nitrogen taken up by our plants and fungi. Our oxalate exudation
rates for AM roots and EM hyphae are fixed values chosen from the literature
(Radersma and Grierson, 2004; van Hees and others, 2006) and oxalate is assumed to
have an acidifying effect (Arvieu and others, 2003; Casarin and others, 2003). We also
set modern values for NPP, fine root length density, and the hyphal length density for
both mycorrhizal functional types (table 1); these parameters will vary with atmo-



sub-surface weathering environments and the geochemical carbon cycle 389

6 4.6
4.4
7
55 4.2
6 4
E 5
:E;é 5 3.8
45 36
4
3.4
3 4 3.2
0
3
3.5
2.8
HLD (m cm®) 200 -9 Oxalate (mol my . s7) HLD (m cm) 200 -9 Oxalate (mol my .. s7)
— 10
C 9.5
25
© 9
= 20
g 85
w
515 .
2
= 10 75
@
[$)
5
3 7
-12 6.5

100

150 -10

200

HLD (m om?) 9 Oxalate (mol my .

sT)

Fig. 8. Effect of changing ectomycorrhizal hyphal length density and oxalate exudation rate for a fixed
net primary productivity (NPP) of 800 gC m~2'y~! on mycorrhizosphere pH (A) on basalt and (B) on
granite. (C) Global Ca+Mg fluxes are largely insensitive to oxalate at our standard exudation rate of 10~ '°
mol m~! (hyphae) day ', but for higher exudation rates fluxes rise sharply.

spheric COy levels as described above. Parameters inherited from GEOCARBSULF
retain their original values in our model.

AM case.—Pre-Cretaceous vegetation comprises AM gymnosperms. Unlike EM
roots, AM roots participate in nutrient uptake and exude organic acids, whereas AM
hyphae do not exude organic acids. AM hyphal lengths are also significantly shorter
than EM hyphal lengths (Leake and others, 2004). In the AM case, no EM vegetation
displaces the AM vegetation; it is created by setting the percentage of EM vegetation to
zero for all time and then running our model with the same parameters and
calibration curves as for the baseline case.

No angiosperm case.—We also generated a COy curve for the scenario where
vegetation does not change since the Jurassic using the GEOCARBSULF model
(Berner, 2006a, 2006b, 2008). In the GEOCARB family of models (Berner and
Kothavala, 2001; Berner, 2006a), increased drawdown of atmospheric CO, beginning
in the Cretaceous is expressed with an empirical plant weathering efficiency function
Jfg- Modern vegetation is assigned f = 1.0, whereas pre-Cretaceous vegetation is
assigned f; = 0.875. We fixed f; = 0.875 until the present day in GEOCARBSULF (fig.
6C) to generate our putative “no angiosperm” curve. If the spread of EM vegetation is
responsible for the CO, drawdown, then our AM curve should match this “no
angiosperm” curve.
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Fig. 9. Sensitivity of atmospheric CO, to (A) organic acid exudation rate from ectomycorrhizal (EM)
hyphae, (B) EM hyphal length density, and (C) percentage of EM vegetation at weathering hotspots. Figure
(A) shows the behavior we expect from examination of fig. 8C, where high exudation rates lead to high
Ca+Mg fluxes and dramatic drawdown of COs,.
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Fig. 9. (continued). If EM fungi exude no oxalic acid, or if EM hyphal lengths are as low as
arbuscular-mycorrhizal (AM) hyphal lengths (C), then the EM and AM curves are comparable. Similar
effects occur (C) if EM is not the dominant mycorrhizal functional type. The inset shows the sigmoidal EM
cover function used in our baseline case, as well as several alternative functions. (D) The “no angiosperm”
curve (also shown in fig. 6C) closely matches our AM case (R*=0.9922 for t=200 Ma), suggesting that the
effect of EM fungi on weathering could account for the entire CO, drawdown attributed to the spread of
angiosperms at the expense of gymnosperms in the GEOCARB family of models.
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Effects of EM Fungi on Soil Chemistry—Sensitivity Analyses

NPP, hyphal length density and pH.—Our conceptual model indicates that the pH of
the mycorrhizosphere should decrease as biological net primary productivity (NPP)
increases through enhancement of the biological proton cycle (fig. 2), resulting in
higher fluxes of calcium and magnesium. We also expect that pH will drop with
increasing EM hyphal length density (HLD), while the flux of calcium and magnesium
should rise. Sensitivity analysis of the model using the baseline case at 0 Ma produces
the surfaces in figures 7A and 7B that show the magnitude of these effects of NPP and
HLD on basalt and granitoid rocks, respectively. Weathering fluxes of Ca+Mg (fig. 7C)
rise with increasing NPP and EM HLD.

Oxalate exudation rate and pH.—We produced pH surfaces for basalt (fig. 8A) and
granite (fig. 8B) assuming that oxalate anions were accompanied by H" as observed by
Arvieu and others (2003) and Casarin and others (2003). Note that if the oxalate
exudation rate is larger than our baseline rate of 10~ ' mol m ™' (hyphae) s, then the
pH on basalt drops very steeply. Fluxes of calcium and magnesium mirror the effect
seen in figure 8A, rising sharply in concert with increasing oxalate exudation rate.

Effects of EM Weathering on Atmospheric CO, Qver the Last 200 Ma

Oxalate exudation rate—Our model is very sensitive to high LMWOA exudation
rates (fig. 9A), and if exudation rates were an order of magnitude higher than our
baseline case, the RCO2 curve would be flattened to such an extent that there would be
insufficient atmospheric CO, to support widespread forests for much of the Cenozoic.
This extreme case is not necessarily reasonable, as the LMWOA exudation rate is a
constant in our model which does not respond to environmental parameters. Also, our
search algorithm will stop at a borderline RCO2=0.7 as explained above. Note that the
shape of the curve is largely unchanged, as this is controlled by the seafloor spreading
data (Berner and Kothavala, 2001).

EM hyphal length density and EM cover.—EM hyphal length density (fig. 9B) and EM
percentage cover (fig. 9C) exert a less dramatic influence, potentially changing the
height of the curve by over one RCO2 unit in the Cretaceous if hyphal lengths remain
small or EM vegetation does not spread. Intermediate effects occur when the spread of
EM vegetation (see inset, fig. 9C) to rapidly-weathering regolith is less than 100
percent at 0 Ma. For our baseline case, we use a logistic curve covering the same
timespan (130-80 Ma) for the increase in EM cover as that associated with the spread of
angiosperms (Lidgard and Crane, 1988). This is the timespan for which Berner and
Kothavala (2001) showed an increase in weathering efficiency leading to drawdown of
atmospheric CO,. Our curve was created with the sigmffunction in the Matlab® Fuzzy
Logic Toolbox, with the inflection point at 105 Ma and the parameter a = —0.09, and
it has the same slope as the linear function employed in the GEOCARB models
(Berner and Kothavala, 2001). We also show the effect of using a wider timespan
accounting for Jurassic and earliest Cretaceous fossils associated with Pinaceae (Vakh-
rameev and Hughes, 1991) and a possible delay in the spread of EM angiosperm trees
until the latest Cretaceous or early Cenozoic as described above. Lower EM cover
(inset, fig. 9C) always results in less weathering and higher atmospheric CO, (fig. 9C).
The AM curve (0% EM) generated for this baseline cover function closely resembles
the “no angiosperm” curve created with GEOCARBSULF (fig. 9D), implying that the
rapid spread of EM vegetation during the Cretaceous could wholly explain the
postulated “angiosperm effect” presently incorporated in GEOCARBSULF.

Weathering agents.—Oxalate concentrations rise considerably in the mycorrhizos-
phere on basalt (fig. 10A), while pH drops in the mycorrhizosphere on granite (fig.
10B) as EM vegetation spreads to weathering hotspots during the Cretaceous, but
these curves do not tell us where the Ca and Mg fluxes are coming from, or how. Which
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weathering agents, and which minerals, are responsible for most of the drawdown of
atmospheric COo? On basalt, the largest flux of Ca comes from hydrolysis and
carbonate chelation (Berg and Banwart, 2000) of plagioclase, with protons and oxalate
providing only minor contributions. Augite is the next largest contributor of Ca and
Mg on basalt, producing fluxes an order of magnitude lower than plagioclase. The
most important mineral in granite is hornblende, which has the highest rate constant
(table 2) and the highest Ca and Mg content (table 5), and this is where we see a
noticeable difference in relative Ca and Mg fluxes from the mycorrhizosphere between
the standard EM case and our AM and non-mycorrhizal cases. In our simulations, CO,
is adjusted until the Ca+Mg flux from silicate weathering equals the difference
between carbonate burial and carbonate weathering, so that the Ca+Mg flux must be
the same for different model runs, but the proportion coming from the mycorrhizos-
phere and bulk soil on basalt and granite may vary (fig. 11). Comparison of the fluxes
from proton-promoted weathering of hornblende (figs. 10C and 10D) and total flux
from the mycorrhizosphere on granite (fig. 11) between the baseline and AM cases
indicate that weathering of hornblende (table 5) by EM fungi largely controls the
drawdown of CO, attributed to the spread of angiosperms in the Cretaceous.

DISCUSSION

The spread of angiosperms at the expense of gymnosperms has been postulated
for over two decades (Knoll and James, 1987; Volk, 1989; Berner and Kothavala, 2001)
to have affected the long-term carbon cycle by contributing to the long-term decline in
CO, over the past 200 Ma, but the evidence for this is limited (Berner, 2004). However,
evaluation of this hypothesis has come from empirical functions implemented in
geochemical carbon cycle models, rather than an explicit quantitative consideration of
the processes involved. We have investigated the alternative hypothesis (Taylor and
others, 2009) that the rise of ectomycorrhizal fungi forming symbiotic partnerships
with trees that originated and spread over this same interval are involved in enhancing
biotic weathering processes.

Our modeling allows us to test our EM weathering hypothesis, linking our model
to core feedbacks and assumptions of GEOCARBSULF. They allow us to investigate
relative effects, given that the GEOCARBSULF curve is a product of changing actual
conditions, which we treat as our baseline case. According to our simulations, the
spread of EM vegetation in the mid-Mesozoic could have been responsible for all or
part of this drawdown, depending on weathering rates in the mycorrhizosphere (see
below). However, we do not exclude the possibility that the spread of angiosperms
operated in concert with the spread of the EM symbiosis on the long-term carbon cycle.
The higher evapotranspiration rates of modern angiosperms compared to basal
angiosperms and other vegetation (Boyce and others, 2009) may have affected
weathering regimes. Runoff may be defined as the difference between precipitation
and evapotranspiration (for example, Banwart and others, 2009), so we expect higher
evapotranspiration rates to lead to drier soils and possibly to lower weathering rates,
unless the resulting higher precipitation falls in the same location. Increased precipita-
tion and erosion with shorter soil water residence times could increase weathering
rates. The runoff function in GEOCARBSULLF is partly derived from the global climate
model (GCM) simulations of Otto-Bliesner (1995). However, as her study excluded the
effect of vegetation it is presently difficult to test this “angiosperm evapotranspiration”
hypothesis.

In our simulations, we assume that monolithological, young soils with low clay
content are the sole source of Ca and Mg to the oceans from silicate weathering.
Because we neglect any contributions from sedimentary rocks or regions that are dry,
cold, or blanketed with old, thick soils, our chemistry model is less suitable for
predicting fluxes from individual watersheds (for example, Banwart and others, 2009;
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Fig. 10. (A) Oxalate concentrations in the mycorrhizosphere increase with time on basalt but not on
granite, whereas (B) pH falls with time in the mycorrhizosphere on granite. In practice, weathering for the
base case is largely driven by agents other than oxalate because exudation rates are low. On basalt, most of
the calcium and magnesium flux is from plagioclase (modeled as labradorite) undergoing hydrolysis and

attack by carbonate ions (Berg and Banwart, 2000).
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Fig. 10. (continued). Proton-promoted weathering (C, D) and hydrolysis of hornblende are the main
contributors on granite. The mycorrhizosphere of the baseline EM case (C) produces greater fluxes from
hornblende than that of the AM case (D).
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and AM (D) cases does not vary as it is forced to match the flux as calculated from carbonate weathering and
burial by adjusting the level of atmospheric CO,.
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Roelandt and others, 2010). Nevertheless, it provides a first-order way to account for
the enhancement of weathering due to the distribution, proliferation and biosensing
behavior of fungi at the scale of individual mineral grains compared to roots, despite
using rate laws developed for bulk solution weathering.

An important advantage of our approach is its simplicity, and its ability to generate
fluxes, weathering rates and geochemical parameters over geological time spans
quickly and easily, with a minimum of sitespecific parameters. In addition to its
current application, it would be useful for sensitivity analyses at a regional and even
relatively local scale, so is not limited to one-dimensional, global scenarios.

CONCLUSTIONS
Our model analyses indicate that the spread of ectomycorrhizal fungi could have
played a key role in the drawdown of atmospheric COy in the Cretaceous and
Palaeogene by enhancing biotic weathering processes in the sub-surface environment.
This conclusion is strengthened if ectomycorrhizal trees are the dominant vegetation
at sites underlain by regolith of granitic composition with rapidly-weathering horn-
blende, or if they are present as a part of the vegetation and have high rates of low
molecular weight organic acid exudation. The mechanisms by which EM fungi could
produce higher weathering fluxes of Ca and Mg include the exudation of organic acids
and nutrient uptake, and these are adequately captured by our model. Such mecha-
nisms are incorporated in our simple model without invoking any untested or
hypothetical processes, such as unknown rate laws operating at a non-aqueous fungal-
mineral interface. Our results indicate that mycorrhizal functional type is a viable
forcing mechanism for the long-term carbon cycle that should not be ignored. We
suggest ectomycorrhizal fungi have the potential to enhance biotic weathering pro-
cesses to an extent that was previously underappreciated, providing a more plausible
mechanism than the spread of angiosperms for biologically-mediated CO, drawdown
over the last 200 Ma.
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