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ABSTRACT

Primary productivity on old, weathered soils often

is assumed to be limited by phosphorus (P), espe-

cially in the lowland tropics where climatic condi-

tions promote the rapid depletion of rock-derived

nutrients. This assumption is based on a static view

of soils weathering in place with no renewal of the

bedrock source. In reality, advection of material

through the soil column introduces a spatially

variable supply of rock-derived nutrients. This flux

is dependent on the residence time of soil, which

can range from a few hundred years in rapidly

uplifting collisional mountain belts to tens of mil-

lions of years in tectonically quiescent tropical

cratons. We modeled the effects of tectonic uplift,

erosion, and soil depth on the advection of P

through the soil column and P availability, cali-

brating rate of change in biologically available P

over time with data from two basaltic chronose-

quences in Hawai’i and a series of greywacke ter-

races in New Zealand. Combining our model with

the global distribution of tectonic uplift rates and

soil depths, we identified tectonic settings that are

likely to support P-depleted ecosystems—assuming

that tectonic uplift and erosion are balanced (that

is, landscape development has reached steady

state). The model captures the occurrence of tran-

sient P limitation in rapidly uplifting young eco-

systems where mineral weathering is outpaced by

physical erosion—a likely occurrence where bio-

logical N fixation is important. However, we cal-

culate that P depletion is unlikely in areas of

moderate uplift, such as most of Central America

and Southeast Asia, due to the continuous advec-

tion of P into the rooting zone. Finally, where soil

advection is slow, such as the Amazon Basin, we

expect widespread P depletion in the absence of

exogenous nutrient inputs.
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INTRODUCTION

Nutrient limitation to primary productivity is

widespread in both terrestrial and oceanic ecosys-

tems, and may constrain the biological responses to

global changes such as rising greenhouse gas con-

centrations (Nadelhoffer and others 1999; Shaw

and others 2002). Productivity on young soils often

is limited by nitrogen (N), which is virtually absent

from most rocks (Vitousek and Howarth 1991) al-

though transient phosphorus (P) co-limitation can

occur in young soils where mineral P has not had

time to dissolve into biologically available forms

(Chapin and others 1994). In contrast, ecosystems

on old substrates are thought to be limited pri-

marily by phosphorus (P), which is initially made

available by mineral dissolution but is subsequently

lost or otherwise rendered unavailable to plants as

soils age (Walker and Syers 1976; Vitousek 2004;

Wardle and others 2004). P limitation may be
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particularly pronounced in lowland tropical rain

forests; the absence of glaciation there means that

many soils are older than most temperate soils, and

the warm wet climate causes relatively rapid

depletion of rock-derived P (Tanner and others

1998). Studies of chronosequences (sites that vary

in age but are relatively constant in the other fac-

tors that control soil properties) confirm that P

availability initially increases, and then gradually

declines as soils age (Wardle and others 2004).

The classical view that soils start with an initial

amount of mineral P that is not replenished by

additional bedrock inputs (Walker and Syers 1976)

assumes static geomorphic surfaces. In actuality,

surface erosion, the downward propagation of the

soil/bedrock interface, and tectonic uplift, contin-

ually advect fresh material to the bottom of the soil

column (Hilley and others 2006). In some sites

advection can provide a substantial input of rock-

derived nutrients to ecosystems (Bern and others

2005).

Here we present a framework to explore where

the supply of rock-derived P to ecosystems by

advection is insufficient to keep pace with P loss

and occlusion into biologically unavailable for-

ms—the necessary condition for generating long-

term P depletion. In our formulation, soil particles

enter the bottom of the soil column and are

eventually eroded from the surface. Their resi-

dence time in soil (s) is the ratio of the soil

thickness (Zs) to the erosion rate (�). We postulate

that the same increase and decay of available P

observed across chronosequences occur in the soil

column: as a rock fragment is incorporated into

the soil, apatite dissolves, and then available P is

gradually lost from the biologically available pool.

Concurrently, the downward propagation of the

soil column results in higher concentrations of

mineral P at the bedrock/soil interface, and the

loss and/or occlusion of P toward the soil sur-

face—such that a soil may be viewed as an age

gradient running from bottom (young) to top

(old) (Figure 1). Qualitatively, P limitation is most

likely either where erosion removes soil particles

before mineral P has time to dissolve (short soil

residence times) or where available P has been

lost or occluded before much of it reaches the

rooting zone in the upper part of the soil profile

(very long soil residence times). These are regions

with thin soils and high erosion rates and regions

with very thick soils and low erosion rates,

respectively. Here we attempt to move from this

qualitative description to quantitative and spatially

explicit predictions concerning the P status of

terrestrial ecosystems.

MODEL FORMULATION

First, we consider the processes that make P avail-

able to ecosystems—the weathering of bedrock and

the dissolution of mineral P within the soil column.

The rate at which soil is produced from bedrock

declines as soil thickness increases (Gilbert 1880;

Heimsath and others 1997). Thus as erosion lowers

the topographic surface, and the soil column thins,

soil production rates increase, the soil/bedrock

interface propagates downward, and more mineral

P is incorporated into the soil column. Conversely,

if erosion slows, the soil column thickens, and the

soil/bedrock interface propagates downward more

slowly. If erosional lowering of the surface (�) is

accompanied by a commensurate lowering of the

bedrock/soil interface, the rate of change of the

molar concentration of the reactant mineral [dq/dt

(mol l)3 t)1)] may be expressed as a function of:

�, the erosional lowering of the surface (l t)1) and

assumed lowering rate of the bedrock soil

interface;

kA, the product of the mineral dissolution constant

k (l)2 t)1) and the mineral surface area A (l)2);

q, the concentration of the reactant mineral in the

soil column (mol l)3); and

dq/dz, the vertical concentration gradient of the

reactant mineral (mol l)4)such that:

dq

dt
¼ �kAq� e

dq

dz
ð1Þ

where z (l) is the elevation above the bottom of the

weathering zone (Waldbauer and Chamberlain

2005; Chamberlain and others 2005). It should be

noted that weathering zone may extend beneath

the soil column, but for the purposes of this paper

we use the terms ‘‘soil column’’ and ‘‘weathering

zone’’ equivalently. The first term on the right-

hand side of equation (1) describes the influence of

the weathering reaction kinetics, and captures

changes in concentration of a reactant mineral in

the absence of any additional inputs from bedrock.

The second term represents advection of material

through the soil column via erosion and lowering of

the bedrock/soil interface. The removal of material

from the surface, via erosion, and the downward

propagation of the weathering zone, creates

advection which effectively transports material

from the base of the weathering zone to the soil

surface. In this formulation, the effect of erosion

rates enter via �, whereas soil pH, Eh, temperature,

and hydrologic conditions enter via kA (Brantley

and White 2003; Guidry and Mackenzie 2003). In

many cases erosion rates equilibrate with tectonic
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uplift, so in this context tectonic processes ulti-

mately control �.
In the simple case that � is equal to the down-

ward propagation of the soil/bedrock interface, the

thickness of the soil (Zs) does not change with time

(Carson and Kirkby; 1972). Additionally, when dq/

dt = 0, the concentration of P made available at the

soil surface [qp (mol l)3)] is:

qp ¼ rq0 1 � exp �kA
Zs

e

� �� �
ð2Þ

where r is the ratio of product to reactant, and q0

(mol l)3) is the molar concentration of P in the

unweathered bedrock. In our formulation, r incor-

porates two processes (1) the stoichiometric disso-

lution of reactant to product, which is three in the

case of apatite (Ca5(PO4)3(F,Cl,OH)) dissolving to

form phosphate ions and (2) the immediate loss of

weathered phosphate into insoluble and other lar-

gely unavailable forms. This latter process drives r to

values much less than one. For example, a rock may

contain 200 mol m)3 P, and apatite may disappear

early in soil development, but soil measurements of

available P never reach 200 mol m)3 because of ra-

pid adsorption to secondary minerals. Thus, r is the

ratio of maximum available P to the amount of P

originally contained in the parent material.

Equation (2) describes the changes in concentra-

tion of available P within the soil column that result

from erosion and mineral dissolution, but it does not

account for the gradual loss of P or the conversion of

P from available to occluded forms (Walker and

Syers 1976; Cross and Schlesinger 1995; Johnson

and others 2003). To account for these well-docu-

mented transformations (Crews and others 1995;

Vitousek 2004), we assume that available P de-

creases exponentially with time in the soil column.

We represent these removal processes by introduc-

ing an empirically determined decay factor [k (1/t)]

and use it to estimate the concentration of available

P at each point within the soil column:

qpa ¼ rq0 exp ð�ktÞ 1� exp �kAz=e
� �� �

ð3Þ

where qpa (mol l)3) is the molar concentration of

biologically available P at point z, and t is the time

since the parcel of mineral P at depth z entered the

weathering zone. The decay term (k) describes the

processes that affect the concentration of available

P as it remains in the soil: the occlusion, adsorption,

and loss of available P over time and the changes in

concentration of available P associated with soil

collapse or expansion during formation. As the

time since mineral P entered the soil column is the

effective soil age (s = z/�), equation (3) may be

written as

qpa ¼ rq0 exp �kz=e
� �

� �kA� kð Þz=e
� �

ð4Þ

Equation (4) represents the concentration of

available P at each point in the soil column given

an erosion rate �. Plants gather nutrients within the

upper portion of the soil, and thus we introduce a

term that represents the thickness of the rooting

zone [Zr (m)]. We integrate equation (4) between

the elevation of the surface (Zs) and the bottom of

Figure 1. Schematic representation of the parameters included in the model: � (the soil surface and bedrock/soil interface

lowering rate), Zs (weathering zone thickness), Zr (rooting zone depth), kA (the dissolution rate of mineral P into available

P), r (the ratio of mineral P dissolved to available P present in the soil on short timescales), k (the decay of available P over

time due to occlusion, loss, and sorbtion to secondary minerals), and q0 (the concentration of mineral P in the bedrock).

The model is based on the assumption that Zs remains constant over time and that all other parameters are constant within

the weathering zone. The parameters determine the average concentration of available P within the rooting zone (qpa in

our model).
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the rooting zone (Zs ) Zr) and divide by Zr to arrive

at an average concentration of available P

(qpa mol l)3) within the rooting zone for a given

values of r, q0, k, kA, and s (Zs/�):

qpa ¼
R Zs

Zs�Zrð Þ qpa dzð Þ

Zr

ð5Þ

The solution of equation (5) is included in

Appendix 1 (see http://www.springerlink.com).

The six parameters in our model represent the

length (Zs, Zr) and timescales (kA, k, �) and ratios

(r) that determine P availability in ecosystems. To

explore the importance of relative length and

timescales, we recast the integration of equa-

tion (5) in nondimensional form (Appendix 1 at

http://www.springerlink.com). Phosphorus avail-

ability to ecosystems depends on the proportion of

the soil that is exploited by plants for nutrient up-

take, especially where deep rooting or extensive

mycorrhyzal symbioses are common plant strate-

gies (Nepstad and others 1994; Jackson and others

1999). In our nondimensional formulation, we

express the rooting zone depth as a fraction of the

total soil depth (Z* = Zr/Zs), and allow this to vary

between 1 and 99%. Phosphorus availability also

depends on the relative rates of apatite dissolution

and loss of available P; thus we define k* as the

ratio of these rates (k/kA). We obtained realistic

ranges for k* from the model calibration discussed

below. The relative rate of apatite dissolution and

soil residence times also determines P availability,

so we recast s in the nondimensional form

s* = kAZs/�. In the nondimensional model, we set

r = 1, since r is a linear scaling factor that does not

affect the relative P availability between soils of

different residence times.

MODEL CALIBRATION

Although nondimensional equations allow us to

explore the behavior of the model across a range of

parameters, we were interested in understanding

how the parameters, and thus predictions of P

availability, varied among real ecosystems. To ad-

dress this issue, we made the assumption that the age

of chronosequence surfaces could be substituted for

the residence time of the soil (s), and further as-

sumed that soil measurements of available P could

be used as a proxy for our modeled available P (qpa).

This allowed us to use available phosphorus data

from three chronosequences for which soil ages are

reasonably well known to derive plausible estimates

of r, kA, and k (for clarity, we will use qpa when

discussing model results and ‘‘available P’’ with re-

gards to field-based measurements). This approach

was necessary because k has not been directly

measured in the field, and although apatite disso-

lution has been measured in reactor experiments,

the results are sensitive to changes in pH (Guidry and

Mackenzie 2003) and often conflict with field esti-

mates (Brantley and White 2003). Moreover, to our

knowledge there have been no explicit estimates of

r, the fraction of apatite dissolution that becomes

available over short timescales.

The three chronosequences we chose are the

Hawaiian long substrate age gradient (hereafter

LSAG; Crews and others 1995), a wetter Hawaiian

chronosequence (hereafter Wet LSAG), and the

Franz Joseph Chronosequence in New Zealand

(hereafter Franz Joseph; Stevens 1968). The LSAG

sites are located on basaltic lavas and tephras that

range in age from 300 to 4.1 · 106 year and contain

approximately 200 mol P m)3. They sit atop mini-

mally eroded surfaces, have a mean annual tem-

perature (MAT) of approximately 16�C, a mean

annual precipitation (MAP) of approximately

2.5 m y)1, and are dominated (>75% of stems) by

the same species of tree (Vitousek 2004). Across the

LSAG, the soils progress from Andisols at the young

and intermediate-aged sites to Oxisols at the oldest,

pH in the A horizon drops from approximately five to

four across the sequence, and organic carbon in-

creases with age (for example, from�10 to�25% in

the upper A horizon—O. A. Chadwick, unpublished

data). The Wet LSAG sites are situated on similar

substrate that ranges from 200 to 4.1 · 106 year,

and the sites have similar state factors (sensu Jenny

1941) to the LSAG, but receive approximately

4 m y)1 rainfall. The young soils along this chro-

nosequence are similar to the LSAG, but after

1.5 · 105 year the sites are dominated by boggy

Histosols. Soil pH ranges from approximately six at

the young site to approximately four at the oldest,

and soil organic matter accumulates to over 50% of

the upper 40 cm at the oldest site (O.A. Chadwick,

unpublished data).

The Franz Joseph chronosequence, on the west

side of the South Island of New Zealand, is situated

on a series of river and kame terraces composed

primarily of greywacke detritus (Stevens 1968).

The ages of the surfaces we included in this study

range from 100 to 1.2 · 105 year, with dating of the

oldest sites based on correlation with known gla-

ciations in the New Zealand Alps (Stevens 1968;

Almond and others 2001). MAT is 11�C and MAP

ranges from approximately 6 m y)1 at the younger

sites to approximately 3 m y)1 at the oldest. Al-

though the sites we selected are dominated by

Tectonic Controls on Nutrient Limitation 161



mature forest, there is more variation in species

composition than across either of the Hawaiian

chronosequences (Stevens 1968; Richardson and

others 2004). The soils are sandy loams with a large

fraction of rock fragments at the youngest sites,

humic rich ‘‘peaty loams’’ at the 1.2 · 104 year

site, and low porosity silt and clay rich soils at the

oldest (1.2 · 105 year; Stevens 1968; Almond

2001). The oldest two sites exhibit pronounced

gleying and podsoliztion (Stevens 1968). Soil pH

drops from approximately five to approximately

four and soil organic carbon accumulates from 2 to

5% in the upper soil from the youngest to oldest

sites (Stevens 1968). Because parent material P

concentrations have not been reported, we use the

global average composition of greywackes

(700 ppm P—Taylor and McClennan 1985) and

bulk density of till of 1.7 g cm)3 (Calhoun and

others 2001) to estimate the initial concentration of

P in the parent material (q0 = 38 mol P m)3). The

three chronosequences are compared in Table 1.

Sites along these chronosequences were delib-

erately placed on flat, minimally eroded surfaces,

and so we approximate � = 0. Thus, we can simplify

equation (1) by eliminating the advection term

such that:

dq

dt
¼ � kAq ð6Þ

Substituting site age (t) for the effective surface age

(Zs/�), and following the same steps that produced

equations (2)–(4) yields

qpa ¼ rq0 exp �ktð Þ � exp �kA� kð Þtð Þ
� �

ð7Þ

We used equation 7, the relationship between

measured available P and time across each chro-

nosequence, q0 measured from bedrock values, and

r from the ratio of q0 to the maximum available P

along each chronosequence to estimate r, kA, and k
under the different lithologic and climatologic

conditions represented by the chronosequences.

We assumed that these parameters did not vary

across a given chronosequence, and compared ob-

served and predicted values of available P for spe-

cific choices of kA and k. We then varied kA and k
to achieve the best-fit model curve using a non-

linear optimization algorithm (Dennis 1977). This

technique was repeated for each chronosequence

to understand how kA and k varied with differ-

ences in lithology and climate.

We recognize that other chronosequences have

been studied; we selected these three for a number

of reasons. The LSAG was chosen because it is an

intensively studied chronosequence for which the

appropriate soil P data were available, as were

fertilization data that demonstrate P limitation at

the oldest site. Both LSAG sequences span the

longest timescale of any well-studied chronose-

quence. The Franz Joseph chronosequence was

chosen because it was the only series of sites on

aluminosilicate rich rocks that spanned a timescale

of over 105 year and was wet enough that soil

development might proceed as a result of soil

weathering, rather than wind ablation and dust

Table 1. Descriptions of the Three Chronosequences used to Empirically Determine kA (Mineral P Disso-
lution Rate), r (Ratio of Mineral P to Dissolved Available P), and k (Rate of Decay of Available P within the Soil
Column Over Time)

LSAG Wet LSAG Franz Joseph

Location Hawai’i, USA Hawai’i, USA South Westland, New Zealand

Parent material Basalt Basalt Greywacke outwash

Topography Flat volcanic shield surface Flat volcanic shield surface Flat glacial terraces

Age range (years) 300–4.1 · 106 200–4.1 · 106 100–1.2 · 105 1

Dominant species Metrosideros polymorpha M. polymorpha Mixed angiosperm/

conifer forest

Rainfall (m y)1) 2.5 4 3–6 2

Youngest soil Hapludand (Andisol) Andic dystruepts (Inceptisol) Sandy loam 3

Intermediate soils Hydrudand (Andisol) Epiaquands (Andisol) Peaty loam 3

Oldest soil Kandiudox (Oxisol) Haplosaprists (Histosol) Clay rich loam 3

Available P Resin + bicarbonate P,

NaOH Po

Resin + bicarbonate P,

NaOH Po

NH4Cl, NH4F Pi, 50% Po

Substrate (P) 200 mol m)3 200 mol m)3 38 mol m)3

P limitation threshold 5.2 mol m)3 5.2 mol m)3 0.86 mol m)3

1 Only data from stages VII and older (after Stevens 1968) were used for this analysis.
2 The youngest three sites receive 6 m y)1, the oldest three sites receive 3 m y)1 (Richardson and others 2004).
3 Soil descriptions from Stevens (1968). Modern soil classifications are unavailable.
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deposition as in drier environments (for example,

Lajtha and Schlesinger 1988). Nevertheless, dust

deposition is likely greater along the New Zealand

chronosequence than in Hawai’i, a problem shared

by any well-studied chronosequence on continen-

tal material (see below).

MODEL LIMITATIONS

Our model is a first step toward quantifying the

major processes involved in determining P avail-

ability to ecosystems. Nevertheless, there are sev-

eral assumptions that need to be considered, both in

the conceptualization of the model and in the use of

chronosequences to estimate model parameters.

We assume that kA and k are constant across a

given chronosequence, and from the bottom to the

top of the soil column. Although this is a reason-

able place to start, in reality variation in pH, soil

mineralogy, and biological activity causes both

properties to change with age across chronose-

quences and with depth in soil columns. For

example, as pH drops, mineral weathering rates

will increase (Guidry and Mackenzie 2003). Soil

minerals differ in their P binding capacities, which

means that k may vary as well. Understanding how

these parameters vary throughout the soil column

will help to refine our model in the future.

Atmospheric deposition of P occurs to some ex-

tent in all ecosystems. Even in Hawai’i, which is

one of the least dusty places in the northern

hemisphere, dust is a significant input of P at the

older sites (Kurtz and others 2001). In New Zea-

land, loess deposition during glaciations can be

substantial (Stevens 1968), although the P input

via loess to the Franz Joseph has not been quanti-

fied. The input of dust means that available P data

from any chronosequence reflect not only just rock

weathering and P decay, but also exogenous inputs

of P over time. Cumulative atmospheric deposition

may be especially important for sites old enough to

have experienced full glacial conditions (Kurtz and

others 2001).

We assume that P availability to ecosystems can

be measured by soil extractions. There is an

extensive literature on the various chemical

extraction techniques that best capture the P

available to biota, but all extraction techniques are

at best a proxy (Cross and Schlesinger 1995;

Johnson and others 2003). For the LSAG and wet

LSAG data, we followed the classification by

Johnson and others (2003) of P "available to plants

over the growing season", and included resin P,

bicarbonate extractable P, and NaOH extractable

organic P. We have confidence that this extraction

captures the trends in P availability across the

Hawaiian chronosequences because similar trends

are seen in leaf nutrient concentrations and pro-

ductivity (Vitousek 2004).

Unfortunately, the most detailed study of the

Franz Joseph used a different set of chemical

extractions, and organic P was not separated into

different pools (Stevens 1968). Hence, we use the

two mildest inorganic extractions (NH4Cl and

NH4F), and assume that 50% of the total organic P is

in the NaOH extractable pool. This is a conservative

estimate for both inorganic and organic P avail-

ability. Bray’s extractable P, which is commonly

thought to be available to plants, includes a similar

NH4F component (Bray and Kurtz 1945; Stevens

1968). Approximately 75% of organically bound P

across the LSAG is in the NaOH extractable pool.

Compared with the mafic parent material in Ha-

wai’i, the glacial till parent material of the Franz

Joseph sites has fewer P sorbing iron and aluminum

oxides (Efimov and others 1996; Pant and Reddy

2001), and thus a greater fraction of organic P is

likely in a relatively available pool, making our 50%

estimate conservative as well. Leaf measurements

across the Franz Joseph show a decline in P over

time (similar to the soil data; Richardson and others

2005). As the above discussion indicates, our

understanding of which soil pools are available to

ecosystems, and over what timescales, is in need of

substantial refinement. Nevertheless, our available

P data capture the predicted rise and fall of available

P over time (see Results). Finally, the absolute value

of measured available P is less important for our

model, as it is incorporated into the scaling factor r.

We assume that the timescale of apatite dissolu-

tion (kA) and available-P loss (k) are large relative to

any lags between surface formation and mineral

weathering. Because we have data for the top 50,

75, and 100 cm for the LSAG, Franz Joseph, and

Wet LSAG, respectively, we believe that this

assumption is reasonable at the oldest sites, al-

though it is not likely to be true at the youngest.

Because we are primarily concerned with long-term

P depletion this assumption is unlikely to unduly

influence our results, but a transient rather than

steady-state model will be an important next step.

We assume that plants along these chronose-

quences gather nutrients from the depths for which

we have soil P data. In part this is an assumption

based on necessity, but most roots across the LSAG

are in the upper 50 cm of soil (Ostertag 2001).

Studies of rooting depth are not available for the

Wet LSAG (although the rooting zone appears

shallower than the more mesic sequence) or Franz

Joseph.
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RESULTS

Model Calibration

All three chronosequences have approximately 8·
variation in measured available P, which increases

and then decreases with time (Figure 2). LSAG and

Wet LSAG P availability peaks at 1.5 · 105 year

(12.3 and 8.9 mol m)3, respectively), whereas

Franz Joseph P availability is highest at

1.2 · 104 year (4.2 mol m)3). As a result, our best-

fit estimation of kA is an order of magnitude faster

for the Franz Joseph than the Hawaiian chronose-

quences, and k is two orders of magnitude faster

(Table 2). The Hawaiian sequences are not sub-

stantially different from each other, and thus we

combined them for the remainder of the analyses. r

from all three sequences is similar, and indicates

that the majority of available P produced by min-

eral dissolution is rapidly immobilized into rela-

tively unavailable forms.

Nondimensional Model

In areas with high uplift rates and thin soils (small

s*), the movement of particles through the soil

column is too rapid for mineral P dissolution (kA)

to produce high qpa independent of variation in k or

Zr (Figure 3). In slowly uplifting regions with deep

soils (large s*), apatite dissolution occurs deep in

the soil column, and qpa is reduced by the decay of

P availability with time (k). Thus, the nondimen-

sional model generates a prediction of low P

availability in soils with both very small and very

large s*, which is in concordance with measure-

ments of low available P both on very young and

on old uneroded soils (Chapin and others 1994;

Vitousek and Farrington 1997). P limitation to

primary production can be observed in both of

these situations—in young sites where biological N

fixation supplies enough N to offset the N limita-

tion that would otherwise be anticipated (Chapin

and others 1994) and in old systems with deep soils

and negligible advection (Vitousek and Farrington

1997).

Using the range of k* observed between the

chronosequences (Table 2), we calculate that an

order of magnitude difference in k* produces al-

most two orders of magnitude of variation in the s*

at which qpa decreases to near zero (Figure 3a).

Thus, the ratio of the apatite dissolution rate to the

decay rate of available P is likely to play a large role

in determining whether a region is P depleted. The

relative timescales of k and kA (k*) also affect the

maximum qpa. As the two timescales approach each

other, the maximum qpa is diminished as decay

occurs contemporaneously with apatite dissolution

(see the curve for k* = 0.05; Figure 3a). Our best fit

data from the chronosequences indicates that the

decay of available P is at least an order of magni-

tude slower than the dissolution of mineral P, but

given the large effect variation in k* has on P

availability; these parameters should be investi-

gated in other ecosystems, particularly on different

parent materials that will produce soils with dif-

ferent P binding capacities.

In contrast to k*, variation in the ratio of rooting

depth to soil depth (Z*) has a much smaller effect

on qpa unless Z* approaches 1, an unlikely scenario

in regions with deep soils (Figure 3b). Thus, the

difference between plants gathering P from 1%

Figure 2. The variation in available P with

site age (in thousands of years, kyr) for the

LSAG, Wet LSAG, and Franz Joseph

chronosequences. For the two Hawaiian

chronosequences, available P is equivalent

to the pool available over the growing

season, as defined in Johnson and others

(2003) (labile P, bicarbonate extractable P,

and NaOH extractable organic P) and is

from analysis of the upper 50 and 100 cm

for the LSAG and Wet LSAG respectively (P

data from Crews and others 1995; T. Crews

unpublished data; Oliver Chadwick,

unpublished data). For the Franz Joseph,

available P includes NH4Cl, NH4F and 50%

of the organic P fraction to a depth of 75 cm

as reported by Stevens (1968). Site ages for

the Franz Joseph are from Stevens (1968)

and Almond (2001).
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versus 50% of the soil shifts the s* at which qpa

approaches zero by a factor of less than 2. This is

not to suggest that rooting depth is an unimportant

variable, but rather that kA and k are likely the

more important determinants of ecosystem P status

in regions with deep soils.

Table 2. kA, r, and k Derived from Available P Versus Time Data Across the Three Chronosequences

kA (ky)1) r k (ky)1) R2

LSAG 5.53 · 10)2 0.058 2.53 · 10)4 0.74

Wet LSAG 2.27 · 10)2 0.044 2.95 · 10)4 0.87

Franz Joseph 3.16 · 10)1 0.121 1.32 · 10)2 0.89

For the Hawaiian chronosequences, the concentration of P in rock (q0 = 200 mol m)3) is the average of several Hawaiian basalts. For the Franz Joseph we assume
q0 = 38 mol m)3 based on average concentrations for greywacke and bulk densities for glacial till (see References in text). The R2 statistic shows the variation in available P.

Figure 3. The effects of the rate of P loss and

rooting zone thickness on predictions of P avail-

ability. a s* vs. modeled available P for different

values of k*. s* is the product of soil residence

time (s) and the mineral dissolution rate (kA). k*

is the ratio of P decay (k) to kA. b s* vs. qpa for

different values of Z* (the ratio of rooting depth to

soil depth). r, the stoichiometric ratio of mineral P

to dissolution product (available P), is set to one.
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Spatial Variation in P Availability

We were particularly interested in understanding

how P availability varied spatially across the ter-

restrial biosphere, and used available data to predict

soil residence times in different tectonic settings.

Having arrived at empirical determinations of r, kA,

and k, we assumed that erosion rates are balanced

by tectonic uplift in many landscapes (for example,

Whipple and others 1999). Thus, we set uplift [U

(l t)1)] equal to �, and gathered data from the lit-

erature on U and soil depth to bedrock (assumed to

be equal to Zs) in different locations. Reported up-

lift rates ranged from 10)3 to 10 m ky)1, although

zero uplift and subsidence exist in natural systems.

Soil depths were reported more haphazardly, but

ranged from 0 to 100 m (Appendix 2, see http://

www.springerlink.com). We grouped these data

into five tectonic settings: collisional mountain

belts (for example, the Himalaya), subduction zone

uplift regions (for example, Western South Amer-

ica), inactive mountain belts (for example, the

Appalachians), glaciated cratons (for example, the

Central Canada), and unglaciated cratons (for

example, the Amazon Basin). Using the reported

range in soil depths and uplift rates, and substi-

tuting tectonic uplift rates (U) for erosion rates (�)
in our model, we calculated the expected qpa in

these tectonic settings.

The large difference between the Hawaiian and

Franz Joseph chronosequences translate into very

different predictions about the extent of P depletion

in lowland tropical forests (Figure 4). This extent is

lowest if the parameters derived from Hawai’i are

indicative of much of the continental tropics. The

decline of available P in Hawai’i takes millions of

years, and there are few regions with residence

times long enough to experience the terminal P

depletion seen at the oldest LSAG sites. In contrast,

if the Franz Joseph parameters are more repre-

sentative, P depletion occurs more quickly and

therefore is likely to be more widespread. However,

using parameters from either chronosequence, we

see that long-term P depletion is restricted to stable

tectonic settings where advection is slow, and is

unlikely to occur where tectonic activity results in

even moderate uplift and erosion (Figure 4).

To explore where P depletion might be expected

to result in limitation to plant productivity by P, we

used the results of a fertilization experiment

along the LSAG that demonstrated P limitation to

primary productivity at the 4.1 · 106 year LSAG

site, where available P = 5.2 mol m)3 (Crews and

others 1995; Herbert and Fownes 1995; T. Crews,

unpublished data). We use this value as a conser-

vative threshold below which we expect P limita-

tion to occur on iron rich volcanic soils. Although

no fertilization experiment has been carried out on

the Franz Joseph, leaf nutrient ratios have been

used to argue that P limitation occurs at the oldest

site (1.2 · 105 year) as well (Richardson and others

2004). Although we do not accept that leaf nutrient

ratios are proof of nutrient limitation, we use the

reported value of available P from this site (avail-

able P = 0.9 mol m)3; Stevens 1968) as a first cut

for the threshold for P limitation on aluminosili-

cate-rich parent material under similar climatic

conditions. As mentioned earlier, although the

difference in available P values may reflect the

lithologic differences between the LSAG and Franz

Joseph, it is more likely a result of the difference in

extraction procedure used to determine available P

concentrations. Nevertheless, the use of these val-

ues allows us to explore where P limitation may

occur in a Hawai’i-like or Franz Joseph-like world.

The Hawai’i-derived parameters generate a pre-

diction that among older sites, only stable cratons

with low uplift/erosion rates are likely to experi-

ence long-term P limitation. In much of the rest of

the tropics, uplift rates are too high to produce P

depletion except in the case of extraordinarily deep

soils (Figure 5a). For example, an unrealistic soil

depth of almost 103 m is needed to produce P

limitation even at the relatively slow uplift rate of

0.01 m ky)1. In contrast, the Franz Joseph-derived

parameters, which are indicative of faster P loss,

lead to the prediction that P limitation may occur

for soils over approximately 10 m deep at this same

uplift rate (Figure 5b). Even using these parame-

ters, which are indicative of faster P decay, we

predict that in many tropical settings (for example,

Central American or Southeast Asia), uplift rates

are fast enough (>0.1 m ky)1) to make P limitation

unlikely.

DISCUSSION

Our model captures the expected rise and fall of P

availability over time, and indicates that variation

in soil residence times may be a key determinant of

P availability to ecosystems. Our incorporation of a

soil advection term indicates that only tectonically

stable regions, with low uplift and erosion rates, are

likely to experience long-term P depletion. Mineral

dissolution rates, as well as the time it takes for

available P to be lost from the biologically available

pool, also represent an important control. In con-

trast, although plants may employ deep roots for

water and nutrient uptake in a variety of ecosys-

tems (Nepstad and others 1994; Jackson and others
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1999), the model indicates that rooting depth is not

as important a control of ecosystem P status in re-

gions with deep soils. Although we do not examine

the short timescale processes that determine P

availability, root distribution, decomposition,

nutrient use efficiency, and so forth, our model

does capture some of the long-term dynamics that

control the ultimate amount of P that is accessible

to organisms in different tectonic settings.

These results are predicated on the assumption

that soil thickness does not vary with time—and

our predictions for the P status of different tectonic

regions also assume that erosion is balanced by

tectonic uplift. These assumptions may be valid for

many landscapes over geologic timescales (Whipple

and others 1999; Willett and others 2001), but it is

not clear that the same is always true over shorter,

ecologically important timescales (tens to hundreds

of thousands of years). For example, landslides

occurring every few thousand years can occur in a

‘‘steady state’’ geologic landscape, but the system

may never reach steady state in terms of soil

nutrient availability. However, such events may

further decrease the extent of P depletion in the

tropics, because erosion can increase the supply of

rock-derived P (Vitousek and others 2003; Porder

and others 2005a; Porder and others 2005b). The

development of a model that does not rely on a

Figure 4. Predicted variation in available P in

regions with different soil residence times s = Zs/

U (kyr). a The variation predicted for a world

where kA, r and k are the average of those derived

from Hawaiian chronosequences. The horizontal

dashed line shows the concentration of available P

on the top 50 cm of soil at the oldest, experi-

mentally determined P limited site. b The varia-

tion predicted using parameters derived from the

Franz Joseph chronosequence. The horizontal da-

shed line shows the concentration of available P in

the upper 75 cm at the oldest, putatively P limited

site. The range in s for different tectonic settings is

shown at the bottom, and is drawn from sources

listed in Appendix 2 (see http://www.springer-

link.com).
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constant thickness weathering zone, and thus can

be adapted to consider pulsed erosion events,

variations in climate, and other transient phe-

nomena is an important next step.

Furthermore, P limitation does not exist in a

vacuum—it is the result of a stoichiometric defi-

ciency of P relative to other nutrients. For example,

a more rapid build up of N might induce the onset

of P limitation earlier in ecosystem development,

and more rapid losses of Ca and other cations could

ensure that they, rather than P, limit productivity

in the oldest soils. We defined P limitation on the

LSAG to occur only at the oldest, P poor site but the

most fertile site (2 · 104 year) is limited by P and N

when they are supplied in combination. If we were

to use this age as the onset of P limitation, it would

make the predicted uplift rate necessary for P lim-

itation similar to that derived from the Franz Jo-

seph parameters. If we take this broader definition

of P limitation, however, it seems unlikely that the

long-term decay of P availability is a common cause

of P limitation. For example, the intermediate-

aged, N and P colimited Hawai’i site has the second

highest available P along the chronosequence. It is

certainly not at the terminal steady state of mini-

mal available P that Walker and Syers (1976) de-

scribed, and which has been widely interpreted as

the ultimate cause of P limitation in the tropics.

Figure 5. The minimum soil depth

required to achieve P limitation for different

s and rooting depths (Zr). P limitation is

assumed to exist where concentrations of

available P are below those found at the

oldest, P-limited chronosequence sites. a

Minimum depth of soil required to generate

P limitation using parameters (kA, r, k) from

the average of those derived from the

Hawaiian chronosequences. b Minimum

depth of soil required to generate P

limitation using parameters (kA, r,k)

derived from the Franz Joseph

chronosequence.
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Although rock is the ultimate source of P to

ecosystems, proximate sources include colluvial

material and atmospheric deposition (dust, rain,

fog, and so forth). It can be shown that slope pro-

cesses do not affect the mean residence time of soils

under the model conditions described above (Hilley

and others 2006), but atmospheric inputs can be

important in particular cases (Stoorvogel and oth-

ers 1997; Okin and others 2004)—especially in old

soils on uneroded surfaces where bedrock sources

of nutrients are depleted and productivity is sus-

tained by exogenous inputs of nutrients (Chadwick

and others 1999; Kurtz and others 2001). Our

model is only designed to assess the influence of

bedrock P inputs (although the calibration with

chronosequence data unavoidably includes dust

inputs) and thus predictions generated by the

model should be considered baseline predictions of

P-depletion in the absence of exogenous inputs of

P. In this light, the prediction that long-term P

depletion is largely confined to stable cratonic set-

tings, even in the absence of exogenous inputs, is a

conservative one.

The chronosequences on which we base our

analysis are similar to many of the tropical ecosys-

tems assumed to be limited by P; they receive 2.5–

6 m y)1 rainfall, and are situated on either mafic

volcanics or parent material similar in chemical

composition to average continental crust. Approxi-

mately 40% of the earth’s terrestrial surface is

underlain by rocks similar in chemical composition

(Dürr and others 2005). Although variation in our

model parameters needs to be quantified in multi-

ple ecosystems, the fact that our model fails to

predict P depletion for regions with moderate to

high uplift rates argues for a re-evaluation of the

global extent of terrestrial P limitation.
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Dürr HH, Meybeck M, Dürr SH. 2005. Lithologic composition of

the Earth’s continental surfaces derived from a new digital

map emphasizing riverine material transfer. Global Biogeo-

chem Cycles 19:GB4S10 .

Efimov VN, Kornilova LI, Ryabtseva ME. 1996. Absorbtion

capacity and kinetics of sorption of phosphate ions in ferru-

ginous peat soils of lowmoor bogs. Eurasian Soil Sci 29:928–

33.

Gilbert GK. 1880. Report on the geology of the Henry Mountains

(Utah). United States Geological Survey, Washington, D.C..

Guidry MW, Mackenzie FT. 2003. Experimental study of igne-

ous and sedimentary apatite dissolution: control of pH, dis-

tance from equilibrium and temperature on dissolution rates.

Geochim Cosmochim Acta 67:2949–63.

Heimsath AM, Dietrich WE, Nishiizumi K, Finkel RC. 1997. The

soil production function and landscape equilibrium. Nature

388:358–61.

Herbert DA, Fownes JH. 1995. Phosphorus limitation of forest

leaf-area and net primary production on a highly weathered

soil. Biogeochemistry 29:223–35.

Hilley GE, Hren M, Chamberlain CP. 2006. Chemical weathering

of steady-state landscapes. Geochim Cosmochim Acta..

Tectonic Controls on Nutrient Limitation 169



Jackson RB, Moore LA, Hoffmann WA, Pockman WT, Linder

CR. 1999. Ecosystem rooting depth determined with caves

and DNA. Proc Natl Acad Sci 96:11387–92.

Jenny H. 1941. Factors of soil formation: a system of quantitative

pedology. New York: McGraw-Hill.

Johnson AH, Frizano J, Vann DR. 2003. Biogeochemical impli-

cations of labile phosphorus in forest soils determined by the

Hedley fractionation procedure. Oecologia 135:487–99.

Kurtz AC, Derry LA, Chadwick OA. 2001. Accretion of Asian

dust to Hawaiian soils: isotopic, elemental, and mineral mass

balances. Geochim Cosmochim Acta 65:1971–83.

Lajtha K, Schlesinger WH. 1988. The biogeochemistry of phos-

phorus cycling and phosphorus availability along a desert soil

chronosequence. Ecology 69:24–39.

Nadelhoffer KJ, Emmett BA, Gundersen P, Kjonaas OJ, Koop-

mans CJ, Schleppi P, Tietema A, Wright RF. 1999. Nitrogen

deposition makes a minor contribution to carbon sequestra-

tion in temperate forests. Nature 398:145–8.

Nepstad DC, Decarvalho CR, Davidson EA, Jipp PH, Lefebvre PA,

Negreiros GH, Dasilva ED, Stone TA, Trumbore SE, Vieira S.

1994. The role of deep roots in the hydrological and carbon

cycles of Amazonian forests and pastures. Nature 372:666–9.

Okin GS, Mahowald N, Chadwick OA, Artaxo P. 2004. Impacts

of desert dust on the biogeochemistry of terrestrial ecosys-

tems. Global Biogeochem Cycles 18:GB2005 .

Ostertag R. 2001. Effects of nitrogen and phosphorus availability

on fine-root dynamics in Hawaiian montane forests. Ecology

82:485–99.

Pant HK, Reddy KR. 2001. Phosphorus sorbtion characteristics of

estuarine sediments under different redox conditions. J

Environ Qual 30:1474–80.

Porder S, Asner GP, Vitousek PM. 2005a. Remotely-sensed and

ground-based determination of nutrient availability across a

tropical landscape. Proc Natl Acad Sci 102:10909–12.

Porder S, Paytan A, Vitousek PM. 2005b. Erosion and landscape

development affect plant nutrient status in the Hawaiian Is-

lands. Oecologia 142:440–9.

Richardson SJ, Peltzer DA, Allen RB, McGlone MS. 2005. Res-

orbtion proficiency along a chronosequence: responses among

communities and within species. Ecology 86:20–5.

Richardson SJ, Peltzer DA, Allen RB, McGlone MS, Parfitt RL.

2004. Rapid development of phosphorus limitation in tem-

perate rainforest along the Franz Joseph soil chronosequence.

Oecologia 139:267–76.

Taylor SR, McClennan SM. 1985. The continental crust: its

composition and evolution. Oxford: Blackwell Scientific,

312.

Shaw MR, Zavaleta ES, Chiariello NR, Cleland EE, Mooney HA,

Field CB. 2002. Grassland responses to global environmental

changes suppressed by elevated CO2. Science 298:1987–90.

Stevens PR. 1968. A chronosequence of soils near the Franz

Joseph Glacier. PhD thesis. Kent, UK: University of Canter-

bury. 389 p..

Stoorvogel JJ, Van Breemen N, Janssen BH. 1997. The nutrient

input by Harmattan Dust to a forest ecosystem in Cote

d’Ivoire, Africa. Biogeochemistry 37:145–57.

Tanner EVJ, Vitousek PM, Cuevas E. 1998. Experimental

investigation of nutrient limitation of forest growth on wet

tropical mountains. Ecology 79:10–22.

Vitousek PM, Chadwick O, Matson P, Allison SD, Derry L,

Kettley L, Luers A, Mecking E, Monastra V, Porder S. 2003.

Erosion and the rejuvenation of weathering-derived nutri-

ent supply in an old tropical landscape. Ecosystems 6:762–

72.

Vitousek PM. 2004. Nutrient cycling and limitation: Hawai’i as a

model system. Princeton: Princeton University Press, 232.

Vitousek PM, Farrington H. 1997. Nutrient limitation and soil

development: Experimental test of a biogeochemical theory.

Biogeochemistry 37:63–75.

Vitousek PM, Howarth RW. 1991. Nitrogen limitation on land

and in the sea: how can it occur?. Biogeochemistry 13:87–

115.

Waldbauer JR, Chamberlain CP. 2005. Influence of uplift,

weathering and base cation supply on past and future CO2

levels. In: Cerling, TE, Ehleringer JR, Dearing MD, Eds. A

history of atmospheric CO2 and its effects on plants, animals,

and ecosystems. Heidelberg: Springer. 534 p. pp 166–84..

Walker TW, Syers JK. 1976. The fate of phosphorus during

pedogenesis. Geoderma 15:1–19.

Wardle DA, Walker LR, Bardgett RD. 2004. Ecosystem properties

and forest decline in contrasting long-term chronosequences.

Science 305:509–13.

Whipple KX, Kirby E, Brocklehurst SH. 1999. Geomorphic limits

to climate-induced increases in topographic relief. Nature

401:39–43.

Willett SD, Slingerland R, Hovius N. 2001. Uplift, shortening,

and steady state topography in active mountain belts. Am J Sci

401:455–85.

170 S. Porder and others


	Outline placeholder
	Uplift, Erosion, and Phosphorus Limitation in Terrestrial Ecosystems
	INTRODUCTION
	MODEL FORMULATION
	MODEL CALIBRATION

	Tab1
	MODEL LIMITATIONS
	Model Calibration
	Nondimensional Model


	Tab2
	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


