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ABSTRACT
We carried out research that confirmed significant interactions between the properties of
10 soil orders and atmospheric CO2 level (400 vs. 800 ppm) in the physiology and growth of the
C3, temperate grass Festuca arundinacea. The results suggest that only a few, fertile soils are able
to increase plant productivity with elevated CO2. Most other soil orders presented mineral
deficiencies and imbalances that restricted plant growth. These reductions occurred together with
dilution or accumulation of minerals and carbohydrates in the leaf under elevated CO2. In order to
understand how much vegetated land in Earth may suffer from edaphic limitations and be
affected concurrently by climate change, we developed a new map of available phosphorus at a
global scale. The map was the result of assigning soil units with characteristic available
phosphorus values calculated with data obtained from global and regional soil surveys. To create
the map, we employed more than 5400 records on Olsen and Bray available phosphorus. Our map
confirms the pervasive nature of P limitation, and indicates that about 50% of low P agricultural
land may experience significant increases in temperature at the end of the century, with most of
these areas located in the tropics. Finally, looking at the mechanisms that plants exhibit to adapt
to soil-related (edaphic) stresses, we studied the effects of root metabolic costs on soil exploration
in maize. Plants that reduced their living root tissue volume either by producing thinner roots or
by the formation of aerenchyma, were able to increase their root system which was associated
with increased tolerance to water stress. Interestingly, our results indicate a root type-specific
increase in the length of seminal roots associated with less metabolic burden and reduced water
stress.
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Chapter 1
General Introduction
Human activities are contributing to change in the atmospheric chemistry with impacts in
earth’s climate, the physiology of living organisms, the stability of ecosystems and even the
economy around the globe (Vitousek et al. 1997; Alley et al. 2003). The most prominent factor
involved in this change is the increase of the ubiquitous carbon dioxide (CO2), which comes as
the result of emissions driven by fossil fuel use and land use changes (IPCC 2007). The expected
levels of CO2 in the year 2100 could be around 700 ppm, about double of today, with large
uncertainties as this depends on the policies on emissions for the rest of the century (Meehl et al.
2007). Carbon dioxide, together with other atmospheric components, plays an important role in
the energy balance of the earth. As CO2 concentration increases the temperature of the planet will
augment. Large efforts are now being made in order to understand the changes in temperature and
precipitation around the globe and the alteration in the carbon cycle that climate change will exert
(IPCC 2007).
Of special importance for the topics of this dissertation is the uncertainty on the effects of
global warming in plant physiology and the final impact in agroecosystems and food production.
For instance, larger amounts of water vapor in the atmosphere not necessarily may translate in
more frequent precipitations worldwide. But instead this may create larger fluctuations and more
frequent extreme events, with prevalent droughts in the tropics (Postel 2000; Alley et al. 2003;
IPCC 2007)
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Physiological effects of elevated CO2
Besides the effect of CO2 in climate, there are important changes in the physiology of
plants associated with CO2 increase. Terrestrial plants evolved with CO2 concentrations that were
4 to 5 times the current amount (Korner 2006; Ziska and Bunce 2006), the photosynthetic
machinery that exists in all the C3 plants performs better with increased CO2 and reduced oxygen.
This is explained by the dual nature of ribulose-1, 5-bisphosphate carboxylase/oxygenase
(Rubisco), the primary fixating enzyme for CO2. When not combined with a CO2 molecule,
Rubisco will react with oxygen and produce CO2 instead of assimilating it; a process called
“photorespiration” (Ghannoum et al. 1997; Long et al. 2004). In the long term this increased
photosynthetic efficiency may be reduced again, due to an acclimation process driven by many
factors, as the increase of starch and other carbohydrates in the leaf (Moore et al. 1999).
Together with the increase in assimilation efficiency, most plants respond to elevated
CO2 with a partial stomatal closure. This will decrease water consumption and increase water use
efficiency as transpiration per unit biomass is smaller (Bunce 2004; Brouder and Volenec 2008).
The most common reported effect of elevated CO2 is an increase in biomass; the increase in
photosynthesis, even if temporal or reduced, will create more available carbon for biomass
formation. Depending on the species and the environment, the growth that follows may
preferentially take place in certain parts of a plant as they act as sinks for assimilates (BassiriRad
et al. 2001; Korner 2006). Another effect of increased CO2 is that the concentration of minerals,
nitrogen and proteins in the plant tissue, normally drops. An effect of dilution of elements in the
increased tissue mass (Conroy 1992; Booker et al. 2000; Poorter and Perez-Soba 2001; Wieser et
al. 2008).
So overall, even with temporary increases in photosynthesis, the combination of larger
plants with less water and nutrient demands have led to many to talk about a positive effect of
climate change (Schimel 2006).
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Unfortunately, more evidence now suggests that under field conditions all these expected
gains are smaller than theory and greenhouse experimentation have predicted (Long et al. 2004;
Long et al. 2005; Long et al. 2006). In the perspective of this dissertation it is becoming clearly
obvious that the role of mineral deficiencies and water stresses are real limitation to any
significant increase in yields that the CO2 fertilizer effect may provide (Diaz et al. 1993;
BassiriRad et al. 2001; Lynch and St Clair 2004; Long et al. 2005; Korner 2006; Long et al. 2006;
Schimel 2006; Ziska and Bunce 2006; Ziska and Bunce 2007).

Mechanisms of plant adaptation to edaphic stress
Most soils in the planet suffer from one or multiple mineral deficiencies (von Uexkull
and Mutert 1995; Batjes 1996; Conway 1997; Fairhurst et al. 1999). Over time plants have
evolved several methods to cope with mineral deficiencies (Lynch and St Clair 2004). Examples
of this are the increased production of root hairs (e.g. Ma et al. 2001), the optimization of root
architecture (Lynch and Brown 2001) and the reduction of metabolic costs of roots (Fan et al.
2003; Walk et al. 2006) under P deficiency. The production of exudates and the selective
accumulation of aluminum in extremely acid soils (Kochian 1995; Marschner 1998) and the
exclusion and organ compartmentation of sodium in saline soils (Marschner 1998; BayueloJimenez et al. 2002).
Besides the necessary agronomic measures to obtain adequate food production (Conway
1997; Manning 2001) a range of possibilities exist to breed plants for better adaptation to edaphic
limitations and reduce the demands of high-input agriculture, which is for many farmers in the
world a limited option (Lynch 1998; Lynch 2007). The results of breeding for root traits can also
work for drought alleviation (Salvi and Tuberosa 2005; Tuberosa and Salvi 2006; Reynolds and
Tuberosa 2008).
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Dissertation objectives
The main objectives for this dissertation were 1) confirm the complex interaction
controlled by soil properties on the plant response to elevated CO2, 2) produce a new description
of the distribution of P deficient soils that will concurrently experience significant climate
change, i.e. increase in temperature or decreases in precipitation and 3) show a successful
example of plant adaptation to edaphic stress by the efficient use of assimilated carbon.

Research approach
On the first chapter we show the results of three years of experimentation with two
populations of recombinant inbred lines (RILs) that were contrasting in the production of root
cortical aerenchyma (RCA) and variable in their root thickness. The combination of these two
properties is related to the metabolic costs of root formation and the extent and depth of the root
system. Plants with deeper roots were able to access a larger volume of soil and possibly extract
more water under drought stress.
The second and third chapters are more closely related to the relation of edaphic
characteristics, with especial attention to P deficiency, and the adaptation and extent of climate
change. We redesigned reactor chambers to control CO2 concentration and compare the response
with low (400 ppm) and elevated (800 ppm) atmospheric CO2, of tall fescue grown in a set of
diverse soils with a large range of chemical characteristics. Given the small volume of the pots
used and the regular irrigation applied we assume that is only the presence of mineral deficiencies
that ultimately controls the observed responses instead of physical limitation that may also occur
in field conditions. The third chapter describes our work to create a better description of P
deficiency in the world. We have created a new map that we expect is more amenable to use in
combination with maps of climate change impacts and with descriptions of land cover obtained

5
mostly with satellite imagery. The phosphorus map was based on the combination of available P
data related in two soil taxonomic systems and the data was combined with spatial analysis of
raster maps created on the base of soil maps corresponding to each soil classification. We did this
as it proved impossible to translate the legend of the maps to one another.
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Abstract
We tested the hypothesis that increased root cortical aerenchyma (RCA) and reduced root
thickness will improve drought tolerance of maize by reducing the metabolic costs of soil
exploration. RCA formation, living cortical area (LCA; transversal root cortical area minus
aerenchyma area), root respiration, root length, leaf gas exchange and biomass loss in response to
drought were evaluated in 27 maize (Zea mays) recombinant inbred lines (RILs) grown with
adequate and suboptimal irrigation. Root respiration was highly correlated with LCA which
accounts for root cortex thickness and RCA. RILs with less root respiration under drought had
30% greater root length than other RILs. Increased root length under drought was associated with
longer seminal roots, increased water uptake and smaller reduction of biomass under inadequate
water supply (15% vs. 45% aerial biomass reduction in metabolically efficient and expensive
RILs respectively). RCA formation was not constant across the experiments, but RILs with the
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thinnest roots or the highest RCA consistently had the lowest root respiration values, longer and
deeper roots, and superior drought tolerance.

Keywords: Metabolic costs; aerenchyma; drought; root formation

INTRODUCTION
About 40% of the world population suffers severe water scarcity (Hamdy et al. 2003;
Postel 2000). Drought is currently the most important limitation to food production worldwide
(Boyer 1982; Tuberosa et al. 2007). Moreover, crop drought stress is projected to worsen in
important agroecosystems as a result of global climate change (Trenberth et al. 2007).
Root architecture is a major regulator of water acquisition under drought. Plants with
longer and deeper roots have better access to water resources available at depth, and are therefore
more prevalent in species found in dry environments (Merrill et al. 2002; Morison et al. 2008;
Moroke et al. 2005; Schenk and Jackson 2005; Sharp and Davies 1985). Root architecture is also
plastic, i.e. plants allocate relatively more resources to the root system in response to mineral
deficiencies and drought (Lynch 2007a; b). Since the root is the avenue for water uptake, it
follows that those traits that maximize root formation will increase water extraction as they
expand soil exploration (Benjamin and Nielsen 2006; Blum 1996; Ludlow and Muchow 1990;
Lynch 1998; Lynch 2007b; Passioura 1983; Songsri et al. 2008; Tuberosa and Salvi 2006).
Efficient utilization of root resources for soil exploration is a key aspect of plant
adaptation to edaphic resource limitation (Lynch 2007a; Lynch and Ho 2005). Metabolic
resources allocated to the root have varying effectiveness depending on physiological,
anatomical, and architectural traits that affect their utilization (Lynch 2007b). Both construction
and maintenance costs have an impact on the final biomass of root systems, the volume of soil
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explored, and acquisition of soil resources (Lambers et al. 2002; Tuberosa and Salvi 2006). This
has been demonstrated in the case of phosphorus (Lynch and Ho 2005; Nielsen et al. 2001) and
nitrogen acquisition (King et al. 2003; Robinson 2001). Studies focused on changes on specific
root length (root length per unit mass) have found that increased soil exploration is related to
reduced root costs, especially in nutrient-limited environments where soil exploration is favored
instead of root longevity (reviewed by Ryser 2006; Ryser and Lambers 1995).
Root cortical aerenchyma (RCA), i.e. enlarged air spaces in root cortical tissue (Evans
2004; Gregory 2006), is formed constitutively and in response to a variety of stimuli including
hypoxia, excess temperature, deficiency of N, S, and P, and mechanical impedance (Drew et al.
2000; Evans 2004). Fan et al (2003) found that RCA disproportionately reduced root respiration
in both P-deficient and ethylene-induced aerenchymatous roots; furthermore, they confirmed
these trends at root segment and whole plant levels. The proposed mechanism for this decrease is
the replacement of living tissue by non-respiring space (Fan et al. 2003; Lynch and Brown 1998;
Lynch 2007a; Zhu et al. 2010).
A second mechanism that could decrease the metabolic demands of soil exploration and
augment the allocation of resources to the growing points of the roots is root etiolation, the
preferential root growth in length instead of thickness. Separate studies on bean response to P
deficiency, showed that genotypes with poor performance under phosphorus deficiency had larger
root respiration per unit of relative root length increase (Nielsen et al. 2001). In these materials,
increased root elongation and reduced root costs were observed preferentially in adventitious
(nodal) roots (Miller et al. 2003) and were also related with changes in anatomical composition of
basal roots (De la Riva 2010).
In the current study, we have quantified the effect of aerenchyma and root thickness on
root respiration, root length and root type distribution in maize plants grown under adequate and
low irrigation. In addition to confirming a negative relation between RCA and root respiration,
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we also corroborated the benefit of thinner roots in the reduction of cost of root formation. We
propose that living cortical area (LCA, total cortical area minus non living spaces) is a better
proxy of root economy than RCA or root thickness alone. We demonstrate that the reduction in
LCA results in reduced costs of soil exploration and increased water uptake.

METHODS

Plant growth and harvest procedure
Four experiments were conducted in greenhouses at University Park, PA USA (40º85’N,
77º83’W). In the first experiment, we tested the response to moderate drought of RILs from the
OH43 x W64a population. In the second experiment we screened the intermated B73 X Mo17
(IBM) maize population and selected lines contrasting for root respiration and RCA formation. In
the third and fourth experiments we used IBM lines and test the growth of high and low RCA
plants under moderate and severe drought.
In all studies, seed were surface sterilized with 10% NaOCl for one minute and rinsed
with distilled water for two minutes. Seeds were germinated in 0.5 mM CaSO4 for 48 h at 28ºC.
Germinated seeds were then transplanted to mesocosms consisting of PVC cylinders of 15.7 cm
width and 155 cm height. Each cylinder received two plants and after two days they were thinned
to one plant. The cylinders were lined inside with plastic sleeves made of 4 mil (0.116 mm)
transparent hi-density polyethylene film, which was used to facilitate the harvest process. The
growth medium consisted of a mixture (volume based) of 50% medium size (0.5 – 0.3 mm)
commercial grade sand (Quikrete Companies Inc.), 35% horticultural vermiculite (Whittemore
Companies Inc.), 5% Perlite (Whittemore Companies Inc.) and 10% topsoil. The topsoil was
collected from a high-fertility plot in the Russell E. Larson Agricultural Research Center in Rock
Springs, PA (Typic Hapludalf, pH ≈ 6.7, Clay Loam). A uniform volume (28.5 l) of the soil
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mixture was used in each cylinder to ensure the same bulk density of the media. Before
transplanting, all mesocosms were watered with nutrient solution adjusted to pH 6.5 and
consisting of (in µM): KNO3 (3000), 5[Ca(NO3)2] (1200), NH4NO3 (400), MgSO4 (500),
(NH4)2SO4 (250), KH2PO4 (100), KCl (50), H3BO3 (25), MnSO4 (2), ZnSO4 (2), CuSO4 (0.5),
(NH4)6Mo7O24 (0.5), Fe-Na-EDTA (50). The cylinders were allowed to drain to assure field
capacity at planting.
The experiments were carried out with an average day-time natural light of 450 µmol
photons m-2 s-1 PAR, with maximum of 1200 µmol photons m-2 s-1 PAR; additional light was
provided with 400 W metal-halide bulbs (Energy Technics, York, PA, USA) for 14 hours per
day. Total PAR averaged 600 µmol photons m-2 s-1. Average temperature in the greenhouse was
about 22 ºC in the first experiment and at approximately 28 ºC in the remaining studies.
The harvest took place five weeks after planting for the first experiment and four weeks
after planting of the remaining studies. At harvest, the shoot was removed, then the plastic sleeve
was pulled from the supporting PVC cylinder and the length of the deepest observable root was
recorded. The plastic sleeve was then cut open and the roots were washed by carefully rinsing the
media away with water. After root segment respiration measurements (described below), the
whole root system was stored in 25% ethanol for further processing. The shoots were oven dried
at 60 ºC for 2 – 3 days for dry matter determination.

Root respiration, net carbon assimilation and leaf gas exchange.
Whole root respiration and net shoot carbon assimilation were measured three and five
weeks after planting in the first experiment and four weeks after planting in the other studies. We
used a system of chambers connected to a Li-6200 Infrared Gas Analyzer (Li-Cor Environmental
Inc). In short, a 37 liter (45 x 30 x 28 cm) transparent Plexiglas chamber was placed around a
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single plant. The chamber was separated from the media in the cylinder with another piece of
Plexiglas carefully placed around the plant and sealed with modeling clay set around the stem to
prevent movement of CO2 from the root to the shoot space. The chamber was hermetically sealed
and connected to the Li-6200 with rubber tubing. A fan installed inside the chamber was used
during photosynthesis readings. The bottom of the chamber covering the cylinder had openings
fitted to tubing connected to the Li-6200 to measure whole root respiration. Carbon dioxide
exchange of roots and shoots were measured for one minute and two minutes respectively in
sequence with each plant. The total increase or decrease of CO2 concentration, barometric
pressure, temperature and volume of the chambers used, were employed to estimate shoot
photosynthesis (µmol CO2 g-1 leaf DM s-1) or CO2 produced in the media (µmol CO2 s-1), which
we approximate to total root respiration as the amount of natural soil, and the respiration of
microbes is assumed to be the same in all cylinders (Bouma et al. 1997ab; 1997ba). These values
were in turn divided by the total root length obtained by WinRhizo scanning (described below) to
obtain the specific root respiration rate (SRR) per unit of root length (µmol CO2 m-1 root s-1).
Additionally, leaf CO2 exchange, leaf conductance and transpiration were measured with
a Li-6400 photosynthesis system using a red-blue light at PAR intensity of 800 µmol photons m-2
s-1 and constant CO2 concentration of 380 ppm. These measurements were made at mid-day
(11h00 to 12h30) with leaf temperature set at 22 ºC. The second fully expanded leaf was used for
all the measurements.
At harvest time, only in the experiments with the IBM population, 20 cm long root
segments were collected at 30-50 cm from the root tip for respiration measurements. The lateral
roots in the sample were cut off with a Teflon-coated razor blade and the sample was patted dry
and placed in a 40 ml custom chamber connected to the Li-6200 IRGA. The container with the
sample was kept at a stable temperature at 18 ºC for two minutes while the respiration was
measured.
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Root anatomical observations and root length
Freehand root cross-sections were obtained from root segments approximately 5 cm long
taken from the root sample used for respiration measurement, which is again, 20 cm from the tip
of the longest nodal root found. The root segments were placed in a drop of water over dental
wax and cut with Teflon coated razor blades under a dissecting microscope [protocol suggested
by Rosemary White (CSIRO, Australia; http://roots.psu.edu/?q=en/node/151)]. The sections were
observed under a Nikon Diaphot inverted Microscope and the images were acquired using
ImageMaster (Photon Technology International) and analyzed with the use of Image-J
(http://rsb.info.nih.gov/ij/). The area (mm2) of the total root section, of the stele and of RCA was
measured in six to twelve different images per sample. Cortex area was obtained by subtracting
the stele area from the total root section area and living cortical area (LCA) was obtained by
subtracting RCA from the cortex area. The percentage of cortical area occupied by aerenchyma
was calculated by dividing the RCA area by the cortex area. Total root cross sectional area is
referred to as “root thickness”.
The rest of the root system was separated into primary, seminal, and nodal roots. The
length for each root type was quantified with a WinRhizo scanning system (Regent Instruments
Inc, Quebec, Canada). Based on separation or average diameter per root type (data not shown),
fine lateral roots were separated from thicker main root axes inside each root type.

Experiment 1. Response to moderate drought of phosphorus efficient maize RILs
Six maize (Zea mays L.) RILs from the cross of OH43 x W64a produced by S. Kaeppler
(U. Wisconsin) were selected and grown under high or low irrigation. Previously, Fan et al.
(2003) found differences in aerenchyma formation between the parent lines when grown under
phosphorus stress. Based on the screening of 120 RILs, lines number 6, 163 and 192 were
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classified as having high RCA (average 22% of cortical area as aerenchyma) while RILs 14, 159
and the progenitor OH43 were classified as having low RCA (5% of cortical area as aerenchyma
or less).
Four plantings were staggered within a period of two weeks in early October of 2005.
The treatments were randomly located inside each planting and the experiment was analyzed as a
6 x 2 RCBD factorial with four replicates that corresponded to the sequential plantings made.
The adequate irrigation treatment consisted of daily application of 100 ml deionized
water. In the suboptimal irrigation treatment, a progressive reduction of watering over time was
made: daily irrigation in the first week (700 ml total), followed by three days of watering on the
second and third weeks (300 ml each week) and no irrigation during the last two weeks. Irrigation
levels were based on preliminary experiments.

Experiment 2. Response to moderate drought in the IBM maize RIL population
In summer and early fall of 2006 we repeated the experiment with another maize RIL
population, the Intermated B73 X Mo17 (IBM) population (Lee et al. 2002; Sharopova et al.
2002). We did this in two steps: first we screened the response to moderate drought of 21
randomly selected IBM RILs and then we conducted an experiment similar to the OH43 x W64a
study with the six most contrasting genotypes found. For the screening we grew the 21 RILs in
seven staggered plantings with 3 RILs each, with two irrigation levels and two replications (n=12
per replication and n=84 total). In the second experiment we used the same design as in 2005, that
is, four staggered replications and six RILs under two irrigation treatments per replication
(planting). Initial irrigation was adjusted to 8 liters of nutrient solution based on the results from
the previous experiment. In the low irrigation treatments the plants were provided with three
irrigations per week (300 ml/week) during the first two weeks, and no irrigation thereafter.
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Experiment 3. Response to severe drought in four contrasting IBM maize RILs
In the summer of 2007, a final experiment was conducted with four contrasting IBM
RILs. In this experiment, we created a more rapid and severe water reduction for the drought
treatment. Pre-plant media wetting was done using 4.8 liters of nutrient solution. The adequately
irrigated plants received 100 ml of distilled water every other day for the entire four weeks of the
experiment. The low irrigation plants received 50 ml of distilled water every other day for one
week (200 ml/week) and did not receive any irrigation thereafter. The experiment consisted of
five replications staggered over a three-week interval. The same seed handling and planting
procedures were followed.
Root segment respiration was evaluated in segments collected from the two longest nodal
roots observed, one from a seminal root and one from the primary root. All samples were taken at
20 cm from the tip and consisted of a 20 cm long segment with the lateral roots removed before
measurement.

Statistical Analysis
For comparisons between high and low RCA groups (or individual RILs), irrigation
levels and the interaction between these main effects a two-way ANOVA was used. A protected
least significant difference post hoc (α=0.05) test was used for multiple comparisons. We used t
tests to compare the response of high versus low irrigation within individual RILs, and we carried
out correlations and linear regressions between shoot and root traits with RCA, LCA and root
section area. Data was analyzed using SAS v9 (SAS Inc., Cary, NC).
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RESULTS

Root costs under moderate drought in maize RILs
In experiment one with OH43 x W64a RILs, the maximum RCA formation (42%) was
observed in RIL 163 under adequate irrigation, but other RILs previously identified as high RCA
producers had actually similar average and maximum RCA values as RILs identified as low
RCA. Irrigation increased RCA in two RILs, reduced it in one, and had no effect in three (Table
2-1). Only line 163, a high RCA RIL, produced more RCA with adequate irrigation (42%) than
under drought (1%). This RIL also showed the highest RCA of all RILs examined in either
population.
We observed a smaller maximum total root section area in the low RCA formation group
(0.37 to 0.57 mm2), than with high RCA group (0.64 to 0.73 mm2). RILs 6 and 163 had reduced
the root section area under drought, while all other RILs significantly increased their root section
area. (Table 2-1)
The combination of the changes in RCA formation and root thickness produced a smaller
living cortical area (LCA) in the low RCA formation group (Table 1.1). Irrigation treatment
significantly increased LCA in the low RCA group, but had no effect in the high RCA group,
although RIL 192 did show a significant increase. In other words, RCA production under drought
decreased the average LCA by 5% in the high RCA group, while there was an average increase
of 12% LCA in the low aerenchyma RILs (Table 2-1). RIL 6 was the only one to significantly
reduce LCA under drought, a consequence of the fact that it produced the largest amount of RCA
under drought of all tested materials.
Net whole-root respiration (µmol CO2 s-1) showed a significant decline of 20% in
droughted plants (F=4.4; p=0.04). The specific root respiration rate (SRR; respiration per unit
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length) was 32% greater (F=2.67; p=0.11) in the low RCA lines (10.46 µmol CO2 m-1 root s-1)
compared to the high RCA lines (7.89 µmol CO2 m-1 root s-1).
High RCA RILs had significantly deeper roots under drought (98 cm vs. 80 cm depth for
low RCA; F=12.63; p=0.001) (Figure 1.1). This response occurred for primary, seminal, and
nodal roots, e.g. high RCA RILs had 40% longer seminal roots compared with low RCA RILs
with adequate irrigation (Figure 2-1).
The moderate drought lowered shoot biomass for both RCA groups by an average of 8%,
but this decline was not significant (F=1.64; p=0.21). High RCA lines had 11% more biomass
(F=2.45; p=0.12), and 10% more leaf area (F=2.64; p=0.11) under drought than the low RCA
lines.

Variability in root metabolic costs in a subsample of the IBM RIL population
The production of RCA among the 21 selected IBM RILs ranged from 0 to 29% of total
cortical area under high irrigation and from 0 to 27% with low irrigation. For most of the lines,
RCA did not vary with irrigation treatment, but in RILs 3 and 304, drought stress increased RCA
formation (Table 2-2). However, most RILs showed a decline of LCA in root sections under low
irrigation; the smallest decline occurred in RIL 364 (6%; t =1,63; P=0.11) and the largest decline
in RIL 331 (31%; t=4.41; P=0.0009). Average RCA was negatively and weakly correlated to
average LCA, instead LCA was mainly related to total cortical area (Figure 2-2).
Root segment respiration was significantly correlated to LCA (r=0.532; p<0.001), but did
not show a clear relationship with the amount of RCA in mm2 (r=0.231; p=0.073). Nevertheless,
a multivariate regression considering both factors (F=9.67; p<0.0001) found that when root size is
considered there is a negative relationship between respiration and aerenchyma (-3.97 nmol CO2
s-1 per mm2 RCA; t=-2.42; p>t=0.019). In turn, root segment respiration was negatively correlated
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with root depth (r=-0.31) and root depth was positively associated with the rate of leaf
transpiration (r=0.20) (Figure 2-3). Also, root segment respiration was strongly related the rate of
leaf photosynthesis (F=3.18; p=0.081) and stomatal conductance (F=6.13; p=0.0171).
From the 21 lines tested in this experiment, six contrasting RILs (Table 2-2) were
selected for additional experiments based on their difference in RCA production.

Metabolic cost and performance in six IBM RILs under moderate drought
The LSD post hoc test for the production of RCA under drought identified lines 77 and
364 as high RCA producers in relation to the rest (Figure 2-4). These two RILs had the thickest
(RIL 77, 1.27 mm2) and thinnest (RIL 364, 0.84 mm2) root cross-section areas respectively, and
were statistically different as well (F=3.45; P=0.0150). The highest percentage RCA in the roots
was observed in RIL 364 (8.7% median; 4.2 % Std. Dev.), which also maintained its relatively
large RCA level under low irrigation.
The respiration of nodal root segments was different among genotypes, and the ranking
of RILs with a post hoc test showed a similar order to the one found with LCA. This is, RIL 364
had the lowest respiration and was separated from RILs 248, 3 and 77 (F=4.34; P=0.0048).
Overall, root segment respiration rate was more responsive to increased RCA in thicker roots than
in thinner roots (Figure 2-5). LCA has a strong and significant relationship with total section area
(Figure 2-6)
Root segment anatomy was relatively stable among the IBM RILs evaluated. The ratio of
stele area to total root area did not change with irrigation, but the absolute value of root area
increased for lines 248 and 77 (19% and 28%), it was similar for RILs 364 and 3, and smaller for
lines 304 and 364 (Table 2-3; Figure 2-7).
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The relationship of root depth and root segment respiration was negative, as with the
screening of 21 RILS; but the values were not significant (r=-0.178; P=0.243). The values of
whole root respiration (µmol CO2 s-1) showed significant differences among RILs (F=4.92;
p=0.002) with lines 331, 304 and 3 (low RCA lines) respiring about 20% more than lines 77, 364
(high RCA lines) and 248. The low irrigation treatment produced a drop of 20% in whole-root
respiration (F=22.47; P<0.0001).
Drought reduced shoot biomass and whole root respiration for all six RILs. The greatest
and smallest reduction in root respiration occurred in RIL 304 and 331 respectively. These two
RILs had at the same time the largest drop in shoot biomass under drought (about 33%) and both
had large reductions in seminal root length under drought (RIL 331 minus 22% and RIL 304
minus 43%; Table 2-4).
The rate of whole root respiration per unit of shoot dry weight (Figure 2-8) increased in
RILs 304 and 331 under drought, while it decreased for the rest of materials. RILs 77 and 364
showed the largest rate reduction under drought. These two materials concurrently and in contrast
to 304 and 331, increased their seminal root length above 40% under drought.
We observed again an interaction between RCA classes and irrigation on root depth
(F=3.09; P=0.08). The high RCA group had 10% deeper roots under drought while the low RCA
lines had the same depth with both irrigation levels. The seminal roots were the most responsive
in terms of increasing root length under drought and this response was strongly related to the
amount of aerenchyma (Figure 2-9).
Root segment respiration patterns were similar to those observed during the screening of
21 IBM RILs, i.e. root segment respiration was weakly related to the amount of RCA (r=-0.27; P
=0.066) but was strongly associated with root thickness (r=0.608; P <0.001) (Figure 2-10). A
multivariate regression testing the effects of root thickness and aerenchyma area (mm2) on
segment respiration found a negative relationship between respiration and RCA area (mm2) (-4.6
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nmol CO2 per mm2 RCA; t=-2.18; P=0.035), very similar in magnitude to the one found in the
previous screening of 21 IBM RILs.
As was observed in experiment 1, there were no differences in shoot biomass between
aerenchyma producing classes regardless of irrigation treatment. Biomass differences among
genotypes were small and significant at α=0.1 only (F=2.24; p=0.07). However, this time the low
irrigation treatment reduced the biomass by an average of 23% (F=20.14; P<0.0001).

Metabolic cost and performance of four IBM RILs under severe drought with differentiated
root type respiration measurements
In experiment 3, in which the strongest and earliest reduction in irrigation was applied,
low irrigation caused decreases in shoot biomass and leaf area of about 30 and 25% respectively
(P < 0.001). The high RCA RILs had less biomass reduction with severe drought in comparison
with low RCA RILs (F=4.9; p=0.03). Line 364, which had the lowest root LCA, had the smallest
loss of biomass (17%) and leaf area (8%) under drought while the high LCA RIL 331 reduced its
biomass in half (48%) with low irrigation (Figure 2-11).
The whole-root respiration rate was reduced by an average of 37% (from 113.1 to 71.2
nmol CO2 s-1) with reduced irrigation (F=35.01; P<0.0001). There were no differences among
RCA classes or interaction of RCA class with irrigation treatment. The four RILs were not
significantly different (F=1.48; p=0.245) despite the LSD post hoc test separation of the
respiration values from RILs 331 (high LCA, 108 nmol CO2 s-1) and 77 (low LCA, 83.54 nmol
CO2 s-1).
Overall root segment respiration under severe drought (nmol CO2 s-1, measured in 20 cm
root) in the high RCA RILs was 20 and 25% lower in the primary (F=4.55; p=0.0463) and
seminal roots (F=6.52; p=0.0169) respectively, in comparison with the low RCA RILs. In the
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case of nodal roots, there were no differences between high and low RCA RILs under drought,
although there was 20% more respiration (F=3.9; 0.0531) with adequate irrigation for the nodal
roots in low RCA genotypes. Seminal roots were thinner and had respiration values about half as
the nodal and primary roots. (Figure 2-12).
There was a significant interaction (F=3.17; p=0.0436) between genotype and irrigation
level on seminal root length. RIL 364 (high RCA, low LCA) increased seminal length by about
300% under drought and had the longest seminal length overall, while RIL 331 (low RCA and
high LCA) reduced the length of seminal roots by about 40% with drought. The other two RILS
did not change seminal root length significantly in response to irrigation (Figure 2-13). These
responses mirror the differences observed in shoot biomass, as the longest seminal roots
correspond with the smallest decline in biomass and leaf area and vice versa.

DISCUSSION
Previous studies have associated a reduction in root metabolic burden with a better
adaptation to phosphorus deficiency. The production of RCA (Fan et al. 2003), the relative
abundance of metabolically less-demanding adventitious roots in bean (Miller et al. 2003) and a
decrease in root respiration (Nielsen et al. 2001; Walk et al. 2006) have been related to longer
roots and reduced phosphorus deficiency stress. In a similar way our study confirmed the benefits
of reduced root metabolic costs for water acquisition and reduction of drought stress. We show
that metabolically efficient roots increase in length and reduce the effects of drought stress as
they do for phosphorus deficiency, but in this case by permitting access to deep soil water.
The reduction in root metabolic costs is the result of less living cortical tissue per unit
length of root. Both the amount of aerenchyma and the root diameter influence respiration (Figure
2-5), because both affect the amount of respiring tissue in the root. Since the stele area is a small
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proportion of total root area and in our observations was unaffected by irrigation (Table 2-3), the
stele tissue was probably not important for differences in respiration. Instead, the cortical tissue
was most important in explaining differences in root metabolic cost. We used root sections to
estimate the proportion of living cortical tissue and the net living cortical area (LCA) was
estimated as cortical area minus aerenchyma area. LCA is therefore positively related to root
thickness (Figure 2-6) and maximum cortical area (Figure 2-2) and inversely proportional to RCA
production (Figure 2-2). Less LCA was associated with reduced root respiration (Figure1.9).
Zhu et al (2010), working with some of the same genotypes as in our studies, but
focusing only on RCA formation, found with greenhouse and field observations that aerenchyma
is positively related with drought alleviation. In our observations, genotypes with high
aerenchyma formation can have low LCA even when the cortex is large (as observed with IBM
RIL 77, Table 2-3), and genotypes that are plastic for RCA formation, such as RIL 6 from the
Oh43 x W64a population (Table 2-1) can reduce their cortical burden under stress and support
increased root length.
In the first experiment with OH43 x W64a RILs, increased RCA caused a reduction of
living cortical tissue in thick roots, while low aerenchyma RILs showed an increase in LCA under
drought, and therefore higher metabolic cost per unit root length (Table 2-1). Overall we observed
a reduction in specific root respiration in low RCA plants and large differences in root depth and
seminal root length between RCA classes.
We did not observe a regular, predictable production of RCA among the selected IBM
lines. For instance, RIL 364, the material most tolerant to drought, varied its average RCA
production from 5% to 25% among all studies carried out, but this material has inherent thin roots
and a net small LCA. In the work of Zhu et al (2010), RIL 364 gave the highest distribution of
root length into deep layers of a field under drought. RCA plays a role in the reduction of
metabolic costs with thick roots, e.g. IBM RIL 77 had thick roots and relatively high and constant
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RCA in all tests; this material will benefit more from RCA production (see Figure 2-5 for the
comparison of differential benefits of RCA in thick and thin roots).
The effects of drought in IBM RILs were not expressed in large reductions of
transpiration but in reductions of biomass and leaf area (Table 2-4, Figure 2-8 and 2-10). It is
possible that these effects counteract on each other as less leaf area may demand smaller amounts
of acquired water and could result in similar amounts of transpiration as we observed in general.
It is noticeable nonetheless, that from all cases RIL 77 was the only material with some increase
in leaf transpiration (Table 2-4). This RIL had at the same time the largest increase in seminal
length observed and was a large producer of RCA.
Considering all experiments with the IBM RILs, line 364 is possible the best prototype
for metabolically efficient water acquisition (Figure 2-10 and 2-10; Table 2-2 and 2-4), with clear
effects of reduced root metabolism on seminal root length and reduced drought biomass losses.
As with the other less-affected RILs, 364 showed a marked increase in seminal root length under
drought and this was associated with small LCA (Figure 2-6, Tables 2-3 and 2-4). Seminal roots
have been related before to the response of maize to drought (Sharp and Davies 1985) and other
cereals have shown better adaptation to drought when longer seminal roots are present. Seminal
root length has previously been associated with timing of water use rather than metabolic
efficiency (Passioura 1983; Richards 2006; Richards and Passioura 1981), all of our
measurements were made in young plants less than five weeks old. But the same pattern were
confirmed by additional measurements in the field from Zhu et al (2010).
Factors other than LCA play a role in root metabolic demands. It is well known that
nutrient availability has a large influence on the amount of energy used for nutrient acquisition
(Lambers et al. 2002). Plants also spend considerable carbon on microbial associations, which are
widespread, and quite common in nutrient-limited soils. Neither mineral deficiencies nor a
microbial association took place in any of our experiments and this could be a limitation on the
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reach of our findings. Nonetheless, we have confirmed that reduced LCA and the connected
reduction of root metabolic burden were major factors in root formation and the exploration of
deeper layers of the soil to reduce water stress in young, non deficient maize plants.
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Table 2-1. Root cortical aerenchyma (RCA; %), living cortical area (LCA; mm2) and total root transverse section area (mm2) in six
selected RILs from the OH43 x W64 maize population with adequate irrigation or moderate drought.
Average
% RCA1

Maximum
% RCA

Irrigated Drought Irrigated Drought
RILs
62
163
192
14
43
159
RCA
High
Low

Average LCA
(mm2)

Maximum LCA
(mm2)

Total Root section
area (mm2)

Maximum Root
section area (mm2)

Irrigated

Drought

Irrigated

Drought

Irrigated

Drought

Irrigated

Drought

1.72***
16.23***
0.85ns
2.74ns
1.06ns
2.80**

11.17
1.11
0.64
3.34
3.23
10.35

9.60
42.20
6.59
14.63
6.57
13.46

25.66
3.9
3.78
9.69
11.57
25.76

0.39***
0.36ns
0.31***
0.25***
0.22***
0.26*

0.27
0.36
0.42
0.28
0.28
0.30

0.58
0.46
0.40
0.29
0.25
0.30

0.34
0.51
0.49
0.33
0.32
0.38

0.49**
0.53**
0.40***
0.31***
0.29***
0.35**

0.38
0.45
0.50
0.36
0.36
0.45

0.73
0.57
0.47
0.35
0.31
0.37

0.42
0.64
0.58
0.39
0.41
0.57

5.42ns
2.25**

4.47
5.58

42.20
14.63

25.66
25.76

0.36ns
0.25***

0.35
0.28

0.58
0.30

0.51
0.38

0.47ns
0.32***

0.44
0.39

0.73
0.37

0.64
0.57

1 T-test statistical significance (ns= non significant; * < 0.1%; ** < 0.05 and *** < 0.001) for irrigation treatments within each RIL and
RCA formation group.
2 Where OH43 x W64a RILs 6, 163 and 192 have high RCA production and 14, 43 and 159 have low RCA formation according to
preliminary observations.
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Table 2-2. Root depth, percentage root cortical aerenchyma (RCA), living cortical area (LCA), root cross-sectional area (RXSA), leaf
photosynthesis (PS), aerial biomass and transpiration with high (H) or low (L) irrigation for the six IBM RILs selected from
the 21 screened RILS for later experiments. PS, biomass and transpiration values are the average of two measurements;
anatomical values are the average of about 10 samples
IBM
RIL

Irrigation

3
H
3
L
77
H
77
L
248
H
248
L
304
H
304
L
331
H
331
L
364
H
364
L
Genotype P > F
Irrigation P > F

Root
depth
(cm)
103
82
86
86
102
107
112
110
88
51
107
97
0.09
0.18

RCA
(%)

LCA
(mm2)

RXSA
(mm2)

1
10
25
20
1
1
5
10
18
8
5
1
0.07
0.35

1.14
1.15
1.24
1.25
0.69
0.79
1.34
1.30
1.34
0.91
1.13
1.03
0.48
0.71

1.36
1.49
1.90
1.81
1.58
1.54
0.95
1.04
2.09
1.23
1.40
1.22
0.03
0.008

PS
(µmol CO2
s-1 cm-2)
21.5
20.1
16.9
17.5
17.6
15.5
14.5
19.0
15.0
10.7
19.8
19.3
< 0.001
0.84

Aerial
biomass
(g DM)
4.5
4.2
2.3
2.6
3.4
2.3
3.2
4.4
2.5
0.8
4.6
3.0
0.07
< 0.001

Transp.
(mmol H2O s-1
cm-2)
3.32
2.72
0.93
0.90
1.88
1.60
1.44
2.20
1.09
0.72
2.10
1.96
0.002
0.17
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Table 2-3 Root cross sectional area (RXSA), stele cross sectional area, and their ratio from six IBM RILs, with adequate irrigation and
deficient watering with moderate drought onset. The observations are averages of at least six sections taken from segments
used for the respiration measurements
Mean RXSA
Mean Stele area
Mean ratio
(mm2)
(mm2)
stele to RXSA
Genotype Adequately
Slow
Adequately
Slow
Adequately
Slow
Irrigated Drought Irrigated Drought Irrigated Drought
364*
1.15
1.01
0.16
0.15
0.14
0.15
77
1.25
1.60
0.18
0.23
0.15
0.14
3
1.32
1.30
0.22
0.22
0.17
0.17
248
1.20
1.43
0.21
0.24
0.17
0.17
304
1.33
1.15
0.23
0.21
0.17
0.19
331
1.25
1.11
0.22
0.18
0.18
0.16
* Where IBM RILs 364 and 77 have high RCA production and lines 3, 248, 304 and 331 have low
RCA formation according to the observations made from the second test made with slow drought onset.
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Table 2-4 Whole root respiration rate (WRRT), leaf transpiration (Transp.), leaf
conductance (Cond), total main axis seminal root length (SRL), shoot biomass
six IBM RILs grown under well watered and moderate drought irrigation.
Values are the average of four observations
IBM RIL

3

77

364

248

304

331

Irrigation*
I
D
Total
I
D
Total
I
D
Total
I
D
Total
I
D
Total
I
D
Total

IBM RIL

3
77
364
Average RILs with
increased seminal length
248
304
331
Average RILs with
increased seminal length

Transp.
(nmol H2O
s-1 cm-2)
2.94
2.72
2.83
2.11
2.21
2.16
3.43
2.91
3.17
2.79
2.55
2.67
2.47
2.43
2.45
2.48
2.31
2.40

Cond.
Shoot
SRL
(mol H2O
Biomass
(cm)
m-2 s-1)
(g DW shoot)
3.76
0.122
187.6
6.04
3.02
0.116
207.5
5.60
3.39
0.119
197.6
5.82
3.32
0.082
184.4
6.70
2.50
0.087
297.6
5.11
2.91
0.084
241.0
5.91
3.40
0.156
205.0
5.23
2.67
0.129
294.9
4.29
3.03
0.142
249.9
4.76
2.99
0.118
177.7
5.42
2.26
0.112
174.8
4.20
2.62
0.115
176.1
4.81
4.14
0.097
315.0
6.75
2.85
0.101
178.3
4.54
3.49
0.099
246.6
5.80
3.78
0.100
127.2
6.78
3.31
0.101
99.3
4.51
3.54
0.101
113.2
5.64
Change
Change
Change Root
Change
Change
Conduct.
Sem
Resp %
Transp. %
Biomass %
%
Length %
Moderate drought minus well irrigated values
-19.51
-7.57
-4.70
10.62
-7.20
-24.62
4.86
6.52
61.34
-23.67
-21.51
-15.37
-17.76
43.89
-17.92

WRRT
(nmol CO2 s-1)

-21.88

-6.03

-5.31

38.62

-16.26

-24.54
-31.20
-12.56

-8.68
-1.82
-6.85

-5.50
3.57
0.45

-1.63
-43.39
-21.94

-22.47
-32.81
-33.55

-22.77

-5.78

-0.49

-22.32

-29.61

* I = Well Irrigated, D = Moderate drought
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Figure 2-1 Maximum root depth and length of main root axis (root laterals not included)
by root type in OH43 x W64a maize RILs separated in high and low root
cortical aerenchyma (RCA) formation classes. Bars represent SE (n=4).
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Figure 2-2. Relationship of living cortical tissue (mm2) with root cortical aerenchyma
(RCA) (a) and root thickness (maximum cortical area; mm2) (b) in a set of
21 RILs from the IBM population. Both irrigation treatments are used in the
graph.
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Figure 2-3. Root segment respiration versus maximum root depth (top) and root depth
versus leaf transpiration in a set of 21 RILs from the IBM population with
both low and adequate irrigation treatments.
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Figure 2-4. Production of root cortical aerenchyma under high and low irrigation in the
nodal roots of six selected IMB RILs separated into classes of high and low
RCA producers (top) and for each line individually (bottom). Bars represent
SE (n=4).
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Figure 2-5. Surface response of the respiration of root segments from six IBM RILs with
root cortical aerenchyma (RCA) production and root diameter. Note the
effect of increase in RCA in the reduction of respiration for thick roots, and
the lack of effect in thin roots.
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Figure 2-6. Relationship between living cortical area and the total root segments
transverse area from six selected IBM RILs screened in 2006.
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Total root transverse area (mm 2 )

2.50
2.00
1.50
1.00
0.50

Irrigated
Drought

0.00
0

0.1

0.2

0.3

0.4

0.5

Stele area (mm 2 )
Figure 2-7. Relationship of root transverse area and stele area from six selected IBM
RILs screened in 2006 under adequate (high) or insufficient (Drought)
irrigation.
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Figure 2-8. Reductions of shoot biomass (top) and rate of whole root respiration per unit
of shoot biomass under high and low irrigation for six IM RILs under
moderate drought. RILs 364, 3 and 77 increased their seminal root length
under drought while the other RIls decreased seminal length (see also table
1.4).
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Figure 2-9. Relationship between percentage RCA and seminal root length ratio (length
under moderate drought to length under adequate irrigation). RIL 3 is not
included because it was much less affected than the other lines by drought
stress and did not show differences in root length or production of
aerenchyma. Bars represent standard errors (n=4). R2 is for fitting an
exponential equation.
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Figure 2-10. Relationship between percentage root cortical aerenchyma and the
respiration of root segments from six selected IBM RILs screened with
moderate drought.
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Figure 2-11. Biomass (g DM) and leaf area (cm2) of the IBM RILs evaluated with severe
drought. The values above the columns represent the reduction in biomass
or leaf area due to extreme drought.

43

Figure 2-12. Respiration rate in 20 cm long segments from seminal (A), nodal (B) and
primary (C) roots from IBM RILs, separated in high and low root cortical
aerenchyma (RCA) producers. Data from the experiment of 2007 with
severe drought stress.
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Figure 2-13. Total length of the seminal root main axis (top) and lateral roots (bottom)
from four IBM maize RILs separated in root cortical aerenchyma (RCA)
formation groups. Experiment of 2007 with severe and sudden drought
stress.
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Chapter 3
Edaphic control of plant response to elevated CO2 in Festuca arundinaceae: a
survey of global soil orders

Raúl E. Jaramillo1, Eric A. Nord2 and Jonathan P. Lynch1,2*
1 Department of Horticulture, The Pennsylvania State University, University Park, PA, 16803, USA.

2 Intercollege Program in Ecology, The Pennsylvania State University.
* Correspondence: J.P. Lynch e-mail:jpl4@psu.edu

Abstract
We evaluated the effect of elevated atmospheric CO2 (800 ppm) on Festuca arundinacea
Schreb. grown in samples from 10 mineral soil orders plus a high-fertility control. Elevated CO2
increased plant biomass significantly in the Alfisol, the fertile control and the Ultisol pots (76, 60
and 40% respectively) and decreased leaf nutrient concentration compared with near ambient CO2
(400 ppm). However, in the remaining soils elevated CO2 caused non-significant increases or
decreases in shoot biomass together with variable responses in leaf mineral concentration. For
instance, plants grown in the Andisol had double the leaf N concentration than the high fertility
control under elevated CO2, but half of the respective leaf phosphorus concentration. Leaf
photosynthesis increased in all soils with elevated CO2, and had the highest values in the high
nitrogen, low phosphorus Andisol plants, followed by the control, the Spodosol and the Ultisol;
the lowest photosynthesis was observed in the low fertility Inceptisol (30% of Andisol value).
The control showed a large relative increase of sucrose and starch in the leaves with elevated CO2
(> 2 ppm), while the Alfisol had a large increase in starch (>2 ppm) but small gain with sucrose
(< 0.5 ppm). In contrast, the Ultisol plants accumulated sucrose (>1.5 ppm) but had small
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increases in starch concentration (<0.2 ppm). The Spodosol and Vertisol plants reduced the
expression of both sucrose and starch with elevated CO2. Our samples cannot characterize the
range of responses of natural soils but is noticeable the difference between orders from temperate
regions (Alfisols and Mollisols) versus tropical soils (Oxisols, Vertisols, Aridisols). The soil
orders in which we did not find benefits from elevated CO2 occupy about 80% of the agricultural
area in the world. These and other complex, soil controlled interactions with elevated CO2
emphasize the urgency to consider edaphic factors and soil variability in the assessment of plant
response to global change.
Keywords: Elevated CO2, Festuca arundinacea, soil orders, nutrient accumulation,
nutrient dilution.

INTRODUCTION
Atmospheric carbon dioxide (CO2) concentration is expected to increase in coming
decades as a result of anthropogenic emissions and land use change (IPCC, 2007a). Atmospheric
CO2 is the primary substrate for photosynthesis and substantial effort has been devoted to
understanding plant and ecosystem responses to changes in its concentration. Many reviews are
available on this matter (e.g. Korner, 2006; Ziska and Bunce, 2006; Ziska and Bunce, 2007).
Among other factors that interact in the response to changes in CO2 concentration, there is the
effect of abiotic stresses such as nutrient deficiency or drought (Drake et al., 1997).
The common results under elevated CO2 with optimal or near optimal nutrient
availability indicate several positive feedbacks and increases in the efficiency of nitrogen and
water use by plants (Bunce, 2004; Drake et al., 1997; Woodward et al., 1991). When suboptimal
nutrient availability has been considered, it generally has been in the form of a single deficiency
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(N or P) and the commonly observed response is a reduced photosynthetic rate, a drop in the
tissue N concentration and an increase in the amount or concentration of non-structural
carbohydrates as starch or sugar (NSC) (Gifford, 2004; Gifford et al., 2000; van Noordwijk et al.,
1998). However, few studies have considered multiple nutrient deficiencies and toxicities
(Korner, 2006). In contrast to the research with crops or model plants, forestry-related research
has looked at the effects of elevated CO2 in natural soils without amendments or fertilizers. Most
of the conclusions from such studies indicate multiple and complex limitations that trees would
face under elevated CO2, mostly of edaphic origin (BassiriRad et al., 2001; Hilbert et al., 1987;
Poorter and Perez-Soba, 2001).
The lack of consideration of the impact of natural variation in soil fertility or multiple
nutrient deficiencies and/or toxicities on responses to elevated CO2 has been noted in several
reviews going back to the late eighties (Mooney et al., 1991; Poorter and Perez-Soba, 2001;
Zangerl and Bazzaz, 1984). Unfortunately, this gap in our understanding persists, and our
understanding of the mechanisms behind the interaction of soil characteristics with elevated CO2
is far from complete (Lynch and St Clair, 2004).
The U.S. Soil Taxonomy classification system addresses the wide variability in natural
soils by separating soils into orders (Table 3-1), additional sub-categories are created based on
climatic and soil property modifiers. In an agricultural context, the purpose of soil classification is
to optimize land use by understanding soil limitations and potentials, so is possible to maximize
crop productivity in a sustainable way (Driessen and Konijn, 1992).
At this time we know of no effort to link plant responses to elevated CO2 with the natural
variability of soils and specifically comparing different soil types in a controlled experiment. A
literature search performed in the combination of ‘Elevated CO2’ and edaphic and soil taxonomy
terms (Table 3-2) produced a dismayingly low number of hits.
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Grasses (Poaceae) form a particularly important group of plants, including many primary
staple crops, between 25 to 30% of the land area of the planet is covered by natural or managed
grasslands (Bartholome and Belward, 2005; Lambin and Geist, 2006). Grasses represent a large,
variable group of plants that are successful in many environments and that have evolved several
mechanisms to adapt to extreme soil conditions (Marschner, 1998).
The present study tests the effects and interactions of elevated CO2 with 13 soils
representing the broad range of soils on earth on the growth and physiology of the C3, temperate
grass, tall fescue (Festuca arundinaceae Schreb.) Soil samples were taken from areas
representing ten U.S. Soil Taxonomy orders. Our main purpose is to assess the importance of soil
variability and soil properties in the control of the response of plants to changes in atmospheric
CO2.

MATERIALS AND METHODS

Experimental setup
Plants were grown in eight Continuous Stirred Tank Reactors (CSTRs) (Heck et al.,
1975) in a greenhouse at the Pennsylvania State University (40º85’N, 77º83’W). The chambers
were approximately 1.5 m in diameter, 2 m height and 3.7 m3 volume and were covered with
transparent Mylar. The air in each chamber was continually mixed by an internal four bladed steel
paddle, 60 cm in diameter, located near the top of the chamber. The reactors had intake and
exhaust ducts to produce air flow, 12V fans were installed inside the intake ducts to allow a small
and continuous flow from outside to the chambers and to the greenhouse exterior. The exchange
rate was estimated in about 1 L per minute with a total exchange of the chambers every 40 hours.
Each CSTR chamber was equipped with an external overhead 1000 watt HID Lamp for
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supplemental light. The maximum light intensity at plant level was 350 µmol PAR m-2 s-1 on
average.

Two CO2 concentrations were used: near ambient (400 ppm) and elevated (800 ppm). For
the elevated CO2 99.8% dry CO2 from a pressurized tank was bled via a needle valve into a
manifold from which four other needle valves controlled the flow of CO2 to each of the elevated
CO2 CSTRs via individual flexible plastic tubing. These valves were adjusted two or three times
every day to maintain the elevated CO2 chambers at approximately 800 ppm CO2. The CO2
concentration was relatively stable (Elevated CO2 ≈ 790 ppm, sd =14 ppm; near ambient CO2 ≈
399 ppm, sd =11 ppm).
Carbon dioxide concentration for each chamber was measured with a Li-Cor 6262
infrared gas analyzer (Li-Cor Biosciences, Lincoln, NE) connected to the chambers via a
multiplexing pump. The CO2 concentration, temperature, photosynthetically active radiation
(PAR), relative humidity and environmental conditions of the greenhouse were recorded every 16
minutes with a data logging system that also controlled the multiplexing pump for air sampling.

Soil Material
Soil samples representing 10 taxonomic orders (Table 3-3) were obtained from Puerto
Rico, Ecuador and the U.S. (Alaska) during 2005 and 2006. In each location we tried to collect
from areas with little or no history of fertilizer use. The soils were kept at 6ºC until the
experiment was started in January 2007, when the soils were air dried and sieved (2 mm) to
exclude gravel and organic debris. Sets of eight pots of 400 ml volume were filled for each soil
type. In addition to these soils a control treatment was planted, consisting of standard horticultural
potting medium based on peat and vermiculite (Sunshine Mix #3, Sun Gro Horticulture, Bellevue,
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WA) amended with a complete slow-release fertilizer (Osmocote 14-14-14. Scotts Miracle-Gro,
Marysville, OH) at a rate of approximately 3 g per pot.

Planting
Planting occurred on Jan 23, 2007. Approximately 20 seeds of tall fescue (cultivar
Kentucky 31; SeedLand, Inc. Wellsborn, FL) were placed in the surface of each pot. The pots
were covered in clear plastic and kept moist for 5 days until germination was visible.
All the pots were randomly distributed into trays in which each of the 13 soils plus the
control were present. These trays were randomly assigned to the CSTR chambers for each CO2
level. Pots were irrigated manually with distilled water every day.

Endophyte screening
A sample of 100 seeds and two growing tillers per pot, in two replications, were screened
for the presence of the endophytpe Neotyphodium sp. with a commercial immunoblot detection
kit (Agrinostics Ltd. Co., Watkinsville, GA). The presence of Neotyphodium has been related to
increased adaptation of fescue to several negative soil conditions, despite the restriction of
colonization of Neotyphodium to the aerial parts of the plant only (Malinowski et al., 2000;
Rahman and Saiga, 2007; Van Hecke et al., 2005).

Leaf photosynthesis, canopy carbon exchange rate and background soil respiration
Leaf photosynthesis of a young, fully expanded leaf in one plant per pot was determined
on weeks 8 and 10 at mid-day with a LI-6400 portable photosynthesis system (Li-Cor, Lincoln,
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NE). A Li-Cor 6400-02B Red/Blue light source was used with a PAR light intensity of 1000
µmol m-2 s-1. Leaf temperature was kept stable at 20ºC during measurements. Also at weeks 8 and
10 whole-canopy net carbon exchange rate (CERshoot) was measured with a Li-6200 Infrared Gas
Analyzer system (Li-Cor, Lincoln, NE) using a chamber of 12 L capacity equipped with a 12V
fan for 2 min. Temperature at recording time ranged from 25 to 28 ºC. The light (PAR) in the
chambers varied from 320 to 380 µmol m-2 s-1 at time of CERshoot measurement.
At shoot harvest, the same chamber employed for CERshoot measurement was used to
estimate the amount of respiration from the remaining roots for 120 seconds. The total increase in
CO2, the barometric pressure, temperature and volume of the chambers were employed to
estimate net root respiration (µmol CO2 s-1) (Bouma et al., 1997a; Bouma et al., 1997b)

Nonstructural carbohydrates
A leaf sample of about 5 g fresh weight was frozen at –80ºC and processed later to
quantify ethanol soluble sugars and starch from approximately 100 mg of ground tissue with the
enzyme-coupled colorimetric method described by Hendrix (1993).

Aerial dry matter and leaf mineral content
All remaining shoot leaves were harvested and oven dried at 60 ⁰C for two days for total
dry weight determination. A sample of about 0.2 g of dried and ground leaf tissue was digested in
a microwave with a concentrated HNO3 and 30% H2O2 solution (Miller, 1998). The diluted
(250:1) extract was analyzed in a Varian Induced Couple Mass Spectrophotometer (Varian Inc.,
Palo Alto CA) to determine the content of: phosphorus, potassium, calcium, magnesium,
manganese, iron, copper, boron, aluminum, zinc and sodium.
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Another subsample was ground and processed for N and C concentration using an
elemental analyzer (Carlo Erba NA-1500).

Statistical Analysis
A split plot design with four replications was used. CO2 level was the main plot factor
and soil type the subplot factor. Pots with the different soils were randomly placed inside each
CSTR, and neighboring elevated and ambient CO2 CSTRs were considered a replication. The
replication was considered a random effect and all analyses were made with the MIXED
procedure in SAS V9.1 (SAS Institute, Cary NC). Pairwise Tukey comparisons for the response
between CO2 levels in each soil treatment were obtained with the LSMEANS option from the
MIXED procedure (SAS V9.1).

RESULTS

Neotyphodium colonization
About 40% of the seeds and 95% of all tillers tested positive for the presence of the
Neotyphodium endophyte. All soils and both CO2 treatments showed the same level of
Neotyphodium colonization.

Growth and mineral tissue concentration
Of the soils used in this experiment, only INC2 did not germinate plants at all. The GEL,
INC1 and OXI2 plants showed severe reductions of at least 97% shoot DW relative to CTR
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plants, so they had to be eliminated from most of the subsequent analyses as there was not enough
tissue to take samples from. The rest of the soils had 50 to 80% less shoot dry weight than the
control treatment. This difference was especially noticeable under elevated CO2 where the control
increased its biomass about 60% over near ambient CO2 (Figure 3-1). Besides CTR, elevated CO2
substantially increased shoot DW observed in ALF (76%), VRT (62%) and MOL (53%). The
pairwise comparison between CO2 levels for each soil found significant increases for shoot DW
in the control, the ALF and ULT plants (P<0.01). Shoot biomass did not change with elevated
CO2 in the rest of the soils and actually a slight, non-significant decrease in biomass was
observed in the plants from AND plus INC1 (Figure 3-1; Table 3-5). The overall effect of CO2 on
shoot biomass was only significant at P=0.07, while both the soil treatments and the interaction of
CO2 x soil were highly significant (P<0.0001) (Table 3-4).
The biomass increase with elevated CO2 produced a dilution of several nutrients for
specific soils (Figure 3-2 and 3-3). For instance, in CTR, ALF and ULT elevated CO2 decreased
N concentration in the leaf from 20 to 30%. In most of the other soils elevated CO2 did not
change nitrogen concentration so markedly (Figure 3-2). Interestingly, in the case of AND and
OXI3 leaf nitrogen concentration increased instead of decreasing with elevated CO2.
Phosphorus concentration declined approximately 50% with elevated CO2 in the control,
23% in ALF and ARD, and 15% in the MOL and SPO soils but only the reduction in the control
was significant. In the remainder of the soils phosphorus concentration increased, with the largest
increment in the AND plants. The potassium concentration was reduced in a 50% by elevated
CO2 in the control and the ALF soil; leaf K concentration also declined in the rest of the soils in
values from 10 to 25% and increased only in the Andisol (33%). Overall the SPO plants had the
smallest absolute value of leaf K concentration (80% less than the control), while the rest of the
soils showed values that ranged ±20% with ambient CO2. Interestingly, leaf K concentration was
much more variable with elevated CO2 than with ambient CO2. Most K concentrations with
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elevated CO2 were higher than the CTR plants (from OXI3 with 20% more up to AND with
220% the CTR value). The only exception was the SPO plants that had a K concentration 70%
less than CTR (Figure 3-3).
The ANOVA analysis for leaf mineral concentration found highly significant differences
(P < 0.001) for the soil effect for all leaf nutrient concentrations measured. But the results of CO2
level and the interaction soil with CO2 had different interpretations. For example for P, K, Ca and
Mn the interaction of CO2 with soil was significant but not for the rest of the elements. The same
variability of results was found in the CO2 effect, where K, Ca, Fe and B had a significant
response to CO2 but not the rest of elements (Table 3-14)

Leaf and canopy photosynthesis, root respiration
Elevated CO2 consistently increased leaf photosynthesis (µmol CO2 m-2 s-1 leaf) in all
soils (F=48.27; P<0.0001). However, this increase in leaf photosynthesis was not affected by soil
type (no significant interaction of soil with CO2). Among the soil treatments, the highest absolute
value was observed with the AND plants and the lowest with INC2 (19.2 and 5.6 µmol CO2 m-2 s1

leaf respectively; Figure 3-4).
Overall, the whole canopy CER (nmol CO2 s-1 mg-1 DW shoot) was not significantly

different between elevated and ambient CO2. However, there were significant differences
between soil treatments: the largest reduction with elevated CO2 was observed in the CTR plants,
the treatment with the largest increase in biomass. Elevated CO2 increased CER of plants in the
GEL, INC2, and OXI2 soils, which produced little biomass, it also increased CER of plants in the
AND soil which showed the largest value of leaf level photosynthesis. For the AND the soil x
CO2 interaction was highly significant (F=11.66; P<0.0001). The AND plants showed about
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double the amount of assimilation than the rest of the soils (0.16 nmol CO2 s-1 mg-1 DW; Figure
3-4).
The background root respiration in the pots measured after harvest showed highly
significant effects among soils (p<0.0001) and marginally effects for CO2 concentration
(p=0.0505) and the interaction soil x CO2 (p=0.1099) (Table 3-9). The difference in root
respiration was significant or marginally significant for most of the soil treatments, in general
with less root respiration with elevated CO2 there was a tendency to reduce statistical differences.
The response in general followed the pattern of biomass formation, which is greater root
respiration in CTR, ALF, MOL and ULT in the largest treatments. In contrast to these, the ARD
also produced a relatively large root respiration despite a non significant increase in shoot
biomass with elevated CO2.

Non-structural carbohydrates
There was a contrasting pattern of responses between the low and high molecular weight
non-structural carbohydrates (sucrose and starch respectively). While starch increased
significantly with elevated CO2 (F=15.77; P=0.0002), and was slightly variable among soils
(F=2.05; P=0.048), sucrose varied substantially among soils (F=2.79; P=0.009) but did not show
significant changes with elevated CO2 (F=3.01; P=0.18). The greatest starch content was
observed in MOL and CTR with about triple the amount of OXI3 and SPO. The control
treatment, SPO and MOL had the highest sucrose values; the post hoc LSD test separated CTR
from the lowest OXI3, VRT and OXI1 sucrose values (Figure 3-6).
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DISCUSSION
In this experiment we evaluated the effect of elevated CO2 on the growth and physiology
of Festuca under different chemical and physical soil characteristics represented in samples from
10 soil orders representing 90% of the vegetated land area of the Earth. The responses of plants to
elevated CO2 depended on the soil in which the plants were growing. We assume that the
responses we observed mostly reflect the ability of Festuca to adapt to the availability of nutrients
since we provided adequate irrigation so that water availability should not influence the results.
From all the samples initially planted only four soils failed to germinate or to produce
enough green tissue in order to carry out most of the measurements. These are soils for which
Festuca is probably not well adapted, despite its reported wide range of adaptability (Malinowski
et al., 2000; Rahman and Saiga, 2007). Two of these soils had the lowest phosphorus values and
another had the lowest pH of all the samples.
Among all the soils that produced sufficient material for analysis, we found large
differences in the effects of elevated CO2 in Festuca. First, there was a large and significant
increase in biomass under elevated CO2 for the relatively fertile soils, in stark contrast to the
small growth and lack of dry matter increase with elevated CO2 in poor soils. This is in agreement
with several reviews in the literature which note the lack of response with elevated CO2 under
nutrient-limited circumstances (Poorter and Perez-Soba, 2001; Ziska and Bunce, 2006).
Differences in leaf elemental concentration highlight a second important response; some soils
have inherently low levels of N, P and K, and plants not only do not accumulate these elements to
normal levels but could dilute their concentration with biomass increase, as in the case of the
Alfisol that produced very low concentration of foliar P, comparable to that found on the
Andisols and Oxisols (Figure 3-3), which are known to fix P, and consequently have very low P
availability (Sanchez, 1976). In some cases elevated CO2 led to the accumulation of non-limiting
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elements, for example in the plants grown in AND and OXI3 which showed higher levels of
foliar N than the control or any other more fertile soil with elevated CO2. Clearly, plant growth in
these soils was likely limited by other element besides nitrogen.
The net carbon exchange rate (CER, nmol CO2 g-1 DW) corrected for the whole canopy
dry weight and leaf photosynthesis (µmol CO2 m-2 leaf s-1) showed also contrasting patterns
(Figure 3-4). While leaf measurements showed clearly the expected increase in photosynthesis
with elevated CO2, the whole-shoot CER value did not change with elevated CO2. This indicates
that even though biomass may increase, CER per unit dry mass (above ground) may decrease,
which suggests that not all leaves are photosynthetically active. The difference in these responses
may also be caused by the low light available for the CER shoot measurements (300 µmol PAR
m-2 s-1, from natural light), compared with the relatively high light intensity (1000 µmol PAR)
used in the leaf photosynthesis measurements. We also noticed that the patterns in root
respiration, measured just immediately after shoot harvest followed the pattern of biomass
formation in general. It seems plausible that in all soils where there is a positive response to
elevated CO2, the plants may also increase carbon allocation to the roots.
The literature generally reports an increase in non structural carbohydrates (NSC) when
plants are exposed to elevated CO2 (Poorter and Perez-Soba, 2001; Ziska and Bunce, 2006; Ziska
and Bunce, 2007). The contrasting patterns observed in our study in the accumulation of NSC,
suggest large differences among soils in carbohydrate physiology (Figure 3-5). As expected, the
high fertility control accumulated both high and low weight NSC under high CO2. On the other
hand, the Spodosol (SPO) had both the lowest starch (high weight NSC) value and the second
highest sucrose (low weight NSC) content, suggesting lack of capacity for starch synthesis.
Fescue from ALF had values of NSC in the leaf close to the lowest records, but these plants had a
large increase in biomass with elevated CO2; this may indicate a relatively low, but sufficient,
level of C assimilation and a balance in the growth of the “sinks” (roots, new tillers) and the
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available assimilated carbon. In contrast to the CTR response (high values for both low- and high
weight NSC), the AND plants had only intermediate NSC values despite having the highest
photosynthesis and one of the smallest biomass. The lack of accumulation in AND suggests
active use of carbon in the plant, possibly in high metabolic demand processes such as mineral
acquisition, suggested by the high value of leaf N. Alternatively, carbon losses could take place
through respiration or rhizo-deposition (Nguyen, 2003). These contrasting responses highlight the
ways in which carbohydrate assimilation and metabolism can depend on soil conditions.
We found no differential colonization of Neotyphodium in fescue leaves from plants
grown in the tested soils; therefore we do not expect Neotyphodium colonization to favor specific
soil treatments (Malinowski and Belesky, 2000).
Finally, we would like to highlight reports in the literature on the distribution of soils
limited by acidity (von Uexkull and Mutert, 1995) and phosphorus deficiency (Fairhurst et al.,
1999; Sanchez, 1976; Sanchez, 1981) and how these contrast with the geographic concentration
of the free-air concentration enrichment (FACE) studies in countries in zones free of these
edaphic limitations (e.g. Schimel, 2006). In this study the soils where elevated CO2 increased
productivity (biomass) were only the Alfisols and (to a lessser degree) the Mollisols; these are
only present in very small quantities in tropical regions (Figure 3-7). Since Fescue did not
germinate on the Gelisols we cannot speculate on the possible response of plants growing in
regions from the tundra and other areas with permafrost soils. These frigid zones are the ones that
could actually see faster and larger impact of expected temperature increase due to global change
(IPCC, 2007a; IPCC, 2007b).
Considering the differences in response to elevated CO2 on different soils, it possible that
the results of studies and the models derived from FACE studies could be overestimating any
positive “silver-lining” effect of climate change on food production (Long et al., 2006; Reilly and
Schimmelpfennig, 1999). While we do not claim that the samples utilized in this experiment are
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the most representative for each soil order, the soils that produced plants with no benefits under
elevated CO2 occupy about 80% of the agricultural area in the world (Figure 3-7). We strongly
believe there is an urgent need to better understand the real effects of climate change on plant
growth in these impoverished soils, and its implications for food production under elevated CO2.
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Table 3-1.Main characteristic, absolute and percentage areas for the 12 soil orders of the
Soil Taxonomy system.
Word Formative
Element

Order name

Alfisols

-

Aridisols

An - dark + do- soil
(Japanese)
Aridus (Latin), dry

Entisols

-

Gelisols

Gelare (Latin), to
freeze

Histosols

Histos (Latin), tissue

Andisols

Main Characteristic
Soils from semi-arid regions with
subsurface accumulation of clay
Developed from volcanic ash
Desert soils without water for plants
Soils with minimal evolution, as in
eroded or accumulation regions. No
subsurface horizons
Permafrost (frozen soil) within 100
cm from the surface
Organic rich, generally in cold
latitudes
Soils with weakly developed
subsurface horizons
Thick dark surface horizon

Area*
(km2 x 103)

Area %

12 621

9.6

912

0.7

15 728

12

21 137

16.2

11 260

8.6

1527

1.2

12 830

9.8

9 006

6.9

Mollisols

Inceptum (Latin),
beginning
Mollis (Latin), soft

Oxisols

Oxide (Latin), oxide

Soils from tropical regions, highly
weathered, deep and uniform profiles

9 810

7.5

Spodos (Latin),
wood ash

Bleached horizon over gray-brown
(spodic) horizon

3 354

2.5

Ultumus (Latin), last

Evolved soil with low base saturation
(low fertility )in subsurface soil

11054

8.5

Inceptisols

Spodosols
Ultisols

Shrink and swell soils, that is soils
that exhibit volume temporal
3160
2.4
variability
* Percentage of the total land area; the non-accounted value (about 14%) is from rock and ice covered
regions (Wilding, 2000).

Vertisols

Verto (latin), turn
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Table 3-2. Summary of literature search in the Thomson ISI Web of Science (performed
in November of 2010).
Number of
results

Search Terms

FAO/WRB Reference Soil Groups
12,977

Acrisol OR Andosol OR Arenosol OR Cambisol OR Chernozem OR Ferralsol
OR Fluvisol OR Gleysol OR Greyzem OR Gypsisol OR Histosol OR
Kastanozem OR Lithosol OR Luvisol OR Nitosol OR Phaeozem OR Planosol
OR Podzol OR Podzoluvisol OR Ranker OR Regosol OR Rendzina OR
Solonchak OR Solonetz OR Vertisol OR Yermosols

US Soil Taxonomy orders
6,952
11,965
3,405
17

Oxisol OR Andisol OR Vertisol OR Alfisol OR Gelisol OR Inceptisol OR
Mollisol OR Spodosol OR Histosol OR Entisol OR Ultisol OR Aridisol

Elevated CO2
Elevated CO2 AND soil*
Elevated CO2 AND edaphic*
Elevated CO2 and FAO/WRB Reference Soil Groups

14

Elevated CO2 AND (Acrisol OR Andosol OR Arenosol OR Cambisol OR
Chernozem OR Ferralsol OR Fluvisol OR Gleysol OR Greyzem OR Gypsisol
OR Histosol OR Kastanozem OR Lithosol OR Luvisol OR Nitosol OR
Phaeozem OR Planosol OR Podzol OR Podzoluvisol OR Ranker OR Regosol
OR Rendzina OR Solonchak OR Solonetz OR Vertisol OR Yermosols)

Elevated CO2 and US Soil Taxonomy orders
7

Elevated CO2 AND (Oxisol OR Andisol OR Vertisol OR Alfisol OR Gelisol
OR Inceptisol OR Mollisol OR Spodosol OR Histosol OR Entisol OR Ultisol
OR Aridisol)
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Table 3-3. Chemical properties of the soil samples available for the study. All analyses were carried out at the Penn State
soil analytical laboratory.
Total N
K
Mg
Ca
Zn
Cu
S Clay Silt Sand
(%)
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) % % %
0.33
210
147 2065 3.6 4.4 46 15.3 22.3 62.3
0.47
148
73
439 3.7 5.9 29.3 1.06 28.4 70.5
0.09
182
633 2582 4.2 9.4 36.2 8.06 41.5 50.4
tr
86
168 768 3.5 3.1 19.6 0.45 5.46 94.1
0.05
84
17
120 0.3 3.8 216 NA NA NA
0.19
50
164 5490 NA NA NA 12.1 59.7 28.2
0.16
689
497 5001 4.5 10.2 22.4 30.1 31.4 38.5
0.21
280
124 2987 1.7 5.2 17.7 26.0 29.2 44.8
0.15
44
57
189 0.7 1.4 285 4.1 11.6 84.3
0.26
28
52
522 1.4
2
18.9 13.0 29.1 57.9
0.19
33
125 3566 19.4 13.6 29.5 1.56 11.1 87.3
0.29
545
225 1248 2.6 6.4 44.3 20.8 33.2 46.1
0.15
150 1737 5016 1.4
8
23.3 22.9 29.7 47.4
1) PR = Puerto Rico; EC = Ecuador; AK =Alaska (United States); NA = Not available; tr = trace values
Soil ID
ALF
AND
ARD
INC1
INC2
GEL
MOL
OXI1
OXI2
OXI3
SPO
ULT
VRT

Soil Order
Alfisol
Andisol
Aridisol
Inceptisol
Inceptisol
Gelisol
Mollisol
Oxisol
Oxisol
Oxisol
Spodosol
Ultisol
Vertisol

Soil Country of
Suborder origin1
Udalf
PR
Aquand
EC
NA
EC
Tropept
EC
Udept
PR
NA
AK
Ustoll
PR
Ustox
PR
Udox
PR
NA
EC
Orthod
PR
Humult
PR
Ustert
PR

pH
6.4
5.4
7.9
5.6
4.7
7.7
7.5
7.7
5.2
5.8
7.3
5.4
6.8

Phosphorus
(ppm)
7
12
71
7
1
9
200
11
1
9
20
14
10
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Table 3-4. Summary of Analysis of Variance results from Proc Mixed (SAS v9.1) for shoot dry weight from Festuca arundinacea
var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2 in 12 different soil samples plus a high
fertility control.§

Sources
CO2
Soil
Soil*CO2

Shoot Biomass (g DW)
Numerator
Degrees of
F
Pr > F
Freedom
1
7.54
0.0707
12
113.87 <.0001
12
5.50 <.0001

§ Results from four replications
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Table 3-5. Tukey comparisons for the difference of adjusted least squared means for shoot dry weight of Festuca arundinacea
var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2 in 12 different soil samples plus a high
fertility control (Proc Mixed. SAS v9.1).§
Soil
ALF
AND
ARD
CTR
GEL
INC1
MOL
OXI1
OXI2
OXI3
SPO
ULT
VRT

Difference (g Shoot DW) Standard
DF
ambient minus elevated CO2 Error
-1.354
0.063
0.000
-2.740
0.029
0.093
-0.602
-0.038
0.038
-0.168
-0.149
-1.032
-0.467
§ Results from four replications

0.38
0.38
0.38
0.38
0.40
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38

40.4
40.4
40.4
40.4
46.3
40.4
40.4
40.4
40.4
40.4
40.4
40.4
40.4

t
Value

t
Prob

-3.59
0.17
0
-7.26
0.07
0.25
-1.6
-0.1
0.1
-0.45
-0.39
-2.73
-1.24

0.0009
0.8677
0.9995
<.0001
0.943
0.807
0.1183
0.9197
0.9197
0.6584
0.6954
0.0092
0.2231
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Table 3-6. Tukey comparison for the difference of adjusted least squared means for leaf percentage nitrogen concentration of
Festuca arundinacea var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2 in 10 different soil
samples plus a high fertility control (Proc Mixed. SAS v9.1).§
Soil
ALF
AND
ARD
CTR
INC1
MOL
OXI1
OXI3
SPO
ULT
VRT

Difference
ambient minus elevated CO2
(leaf percent N)
0.4433
-0.6010
-0.0387
0.5863
1.9157
0.1017
0.0280
0.1387
0.1733
0.0047
-0.0460

Standard
Error

DF

t
Value

t
Prob

0.2748
0.2748
0.2748
0.2748
0.4055
0.2748
0.2748
0.2748
0.2748
0.2748
0.2748

37.1
37.1
37.1
37.1
40.9
37.1
37.1
37.1
37.1
37.1
37.1

1.61
-2.19
-0.14
2.13
4.72
0.37
0.10
0.50
0.63
0.02
-0.17

0.1151
0.0351
0.8888
0.0395
<.0001
0.7135
0.9194
0.6168
0.5320
0.9865
0.8680

§ Results from four replications, except for INC1 that had two replications.
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Table 3-7. Summary of Analysis of Variance results from Proc Mixed (SAS v9.1) for leaf photo-synthesis from young fully
developed leaves of Festuca arundinacea var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2
in 9 different soil samples plus a high fertility control.§

Source
CO2
Soil
Soil*CO2

Leaf Photosynthesis
(µmol CO2 m-2 s-1)
Numerator
Degrees of
F
Pr > F
Freedom
1
6.51
0.0834
9
4.15
0.0001
9
1.72
0.0924

§ Results from four replications
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Table 3-8. Tukey comparison for the difference of adjusted least squared means for leaf photosynthesis from young fully
developed leaves of Festuca arundinacea var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2
in 9 different soil samples plus a high fertility control (Proc Mixed. SAS v9.1).§
Soil
ALF
AND
ARD
CTR
MOL
OXI1
OXI3
SPO
ULT
VRT

Difference
ambient minus elevated CO2
(µmol CO2 m-2 s-1)
-3.10
-8.44
-6.40
-4.35
-0.67
-6.69
-3.44
-9.13
-8.11
-7.48

§ Results from four replications

Standard
Error

DF

t
Value

t
Prob

3.0082
3.0377
3.0686
3.0077
3.0082
3.0082
3.0082
3.0377
3.0691
2.9600

9.23
9.55
9.96
9.23
9.23
9.23
9.23
9.55
9.96
8.67

-1.03
-2.78
-2.09
-1.45
-0.22
-2.22
-1.14
-3.00
-2.64
-2.53

0.3287
0.0203
0.0637
0.1808
0.8275
0.0524
0.2817
0.0139
0.0247
0.0333
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Table 3-9. Summary of Analysis of Variance results from Proc Mixed (SAS v9.1) for root respiration measured in empty pots
after shoot harvest of Festuca arundinacea var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2
in 9 different soil samples plus a high fertility control.§

Source
CO2
Soil
Soil*CO2

Root respiration
(µg CO2 m-3 s-1)
Numerator
Degrees of
F
Pr > F
Freedom
1
9.99
0.0505
12
15.27 <.0001
12
1.60
0.1099
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Table 3-10. Tukey comparison for the difference of adjusted least squared means for root respiration measured in empty pots after
shoot harvest of Festuca arundinacea var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2 in
9 different soil samples plus a high fertility control (Proc Mixed. SAS v9.1).§

Soil
ALF
AND
ARD
CTR
GEL
INC1
MOL
OXI1
OXI2
OXI3
SPO
ULT
VRT

Difference
ambient minus elevated
CO2
(µmol CO2 m-3 s-1)
-108.52
-42.7104
-124.42
-103.36
-37.7164
25.7236
-135.76
-74.4576
-59.0511
-29.7948
-42.7637
-72.6488
-73.0698

Standard
Error

DF

t
Value

t
Prob

39.5576
39.5576
39.5576
39.5576
42.1814
39.5576
39.5576
39.5576
39.5576
39.5576
39.5576
39.5576
39.5576

28.3
28.3
28.3
28.3
33.5
28.3
28.3
28.3
28.3
28.3
28.3
28.3
28.3

-2.74
-1.08
-3.15
-2.61
-0.89
0.65
-3.43
-1.88
-1.49
-0.75
-1.08
-1.84
-1.85

0.0104
0.2894
0.0039
0.0142
0.3776
0.5208
0.0019
0.0701
0.1466
0.4576
0.2888
0.0768
0.0752
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Table 3-11. Summary of Analysis of Variance results from Proc Mixed (SAS v9.1) for leaf starch and sucrose equivalent of
Festuca arundinacea var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2 in 9 different soil
samples plus a high fertility control.§

Source
CO2
Soil
Soil*CO2

Starch sucrose equivalent
(mg sucrose g-1 leaf fresh weight)
Numerator Degrees of
F
Pr > F
Freedom
1
16.24
0.0002
10
2.10
0.0380
9
1.28
0.2641

§ Results from four replications

Sucrose
(mg sucrose g-1 leaf fresh weight)
Numerator Degrees of
F
Pr > F
Freedom
1
3.31 0.0738
10
2.77 0.0072
9
0.72 0.6865
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Table 3-12. Tukey comparison for the difference of adjusted least squared means for leaf starch content (sucrose equivalent) of
Festuca arundinacea var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2 in 9 different soil
samples plus a high fertility control (Proc Mixed. SAS v9.1).§
Difference starch (sucrose equivalent)
t
t
ambient minus elevated CO2
Standard Error DF
Value Prob
(mg sucrose g-1 leaf fresh weight)
ALF
-0.4723
0.3425
62 -1.38 0.1729
AND
-0.7981
0.3425
62 -2.33 0.0231
ARD
-0.6464
0.3425
62 -1.89 0.0638
CTR
-0.5776
0.3425
62 -1.69 0.0967
MOL
-0.8082
0.3425
62 -2.36 0.0214
OXI1
-0.3858
0.3425
62 -1.13 0.2643
OXI3
-0.0508
0.3425
62 -0.15 0.8825
SPO
0.3301
0.3425
62
0.96 0.3389
ULT
-0.8505
0.3425
62 -2.48 0.0157
VRT
-0.1048
0.3425
62 -0.31 0.7606
Soil

§ Results from four replications
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Table 3-13. Tukey comparison for the difference of adjusted least squared means for leaf sucrose content of Festuca arundinacea
var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2 in 9 different soil samples plus a high
fertility control (Proc Mixed. SAS v9.1).§
Difference sucrose
t
t
Soil
ambient minus elevated CO2
Standard Error DF
Value
Prob
(mg sucrose g-1 leaf fresh weight)
ALF
-0.8642
0.4164
59 -2.08 0.0423
AND
-0.5467
0.4164
59 -1.31 0.1943
ARD
-0.2481
0.4164
59
-0.6 0.5535
CTR
-0.3608
0.4164
59 -0.87 0.3896
MOL
0.136
0.4164
59
0.33 0.7450
OXI1
0.4369
0.4164
59
1.05 0.2984
OXI3
-0.3528
0.4164
59 -0.85 0.4003
SPO
-0.2637
0.4164
59 -0.63 0.5289
ULT
-0.1164
0.4164
59 -0.28 0.7807
VRT
-0.2167
0.4164
59 -0.52 0.6046
§ Results from four replications
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Table 3-14. Summary of Analysis of Variance results from Proc Mixed (SAS v9.1) for leaf mineral concentration of ten nutrients
from Festuca arundinacea var. Kentucky 31 grown in ambient (400 ppm) and elevated (800 ppm) CO2 in 10 different
soil samples.*§

Sources

CO2
Soil
Soil*CO2

Sources
CO2
Soil
Soil*CO2

Numerator
Degrees of
Freedom

1
9
9
Numerator
Degrees of
Freedom

1
9
9

Leaf Phosphorus
%

Leaf Potassium
%

Leaf Calcium
%

Leaf Magnesium
%

Leaf Manganese
ppm

F

Pr > F

F

Pr > F

F

Pr > F

F

Pr > F

F

Pr > F

10.8
37.9
5.4

0.188
<.0001
0.001

14.0
19.6
3.5

0.001
<.0001
0.010

5.4
55.0
2.6

0.032
<.0001
0.038

5.1
21.1
1.0

0.152
<.0001
0.477

6.8
103.6
3.5

0.232
<.0001
0.011

Leaf Aluminum
ppm

Leaf Iron
ppm

Leaf Boron
ppm

Leaf Sodium
ppm

Leaf Zinc
ppm

F

Pr > F

F

Pr > F

F

Pr > F

F

Pr > F

F

Pr > F

0.1
5.5
0.1

0.714
0.001
0.999

3.5
10.8
0.9

0.076
<.0001
0.566

3.6
3.1
0.8

0.073
0.016
0.663

0.0
34.7
0.4

0.863
<.0001
0.925

10.6
41.6
1.7

0.190
<.0001
0.173

* Samples of GEL, OXI2 and INC1 were excluded because of non-sufficient material for analysis
§ Results from two replications
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Figure 3-1. Production of shoot biomass (g DW) of Festuca arundinacea grown in 12
different soils and a high-fertility control under elevated (800 ppm, open
bars) and ambient (400 ppm, shaded bars) atmospheric CO2. Symbols on top
of columns represent the probability of statistical differences of Tukey
pairwise least square means comparison between CO2 levels of each soil
treatment (**<0.01; ns>0.1; Proc Mixed. SAS v9.1).
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Figure 3-2. Leaf nitrogen concentration (% total N) of Festuca arundinacea grown in 10
different soils and a control under elevated (800 ppm) and ambient (400
ppm) atmospheric CO2. Symbols on top of columns represent the probability
of statistical differences of Tukey pairwise LS means comparison between
CO2 levels of each soil treatment (**<0.01; *<0.05; ns>0.1; Proc Mixed.
SAS v9.1). Arrows indicate soil treatments with increase in leaf N
concentration with elevated CO2.
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Figure 3-3. Leaf phosphorus (top) and potassium (bottom) concentration in samples of
Festuca arundinacea grown in 10 soils and a high fertility control under
elevated (800 ppm) and ambient (400 ppm) CO2. The GEL value is one
measurement only
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Figure 3-4. Shoot carbon exchange rate (CER) for and unit area leaf photosynthesis (top
and bottom graphs respectively) of Festuca arundinacea grown in 12 and 11
soils respectively, plus a high-fertility control under elevated (800 ppm) and
ambient (400 ppm) atmospheric CO2.
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Figure 3-5. Root respiration in pots after shoot harvest of Festuca arundinacea grown in
12 soils plus a high-fertility control under elevated (800 ppm) and ambient
(400 ppm) atmospheric CO2. Note the tendency with smaller respiration
under elevated CO2 to reduce the statistical difference between elevated and
ambient root respiration. Symbols on top of columns represent the
probability of statistical differences of Tukey pairwise LS means comparison
between CO2 levels of each soil treatment (**<0.01; ns>0.1; Proc Mixed.
SAS v9.1).
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Figure 3-6. Change in starch content and sucrose content (top and bottom graphs
respetively) of Festuca arundinacea grown in 10 different soils under
elevated (800 ppm) and ambient (400 ppm) atmospheric CO2.
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Figure 3-7. Distribution of soils in all continents according to the response (Alfisols and
Mollisols vs other Soil Taxonomy orders) of Festuca arundinaceae under
elevated CO2 (A) and individually by soil order (B). Note that responsive
soils are typically less than 20% for Asia, Africa and South America but can
reach up to 40% of temperate continents land.
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Chapter 4
A novel estimation of the extent of phosphorus deficient land on Earth and its
significance for plant adaptation to climate change

Raúl E. Jaramillo1, Douglas A. Miller2 and Jonathan P. Lynch1*
1. Department of Horticulture. Penn State University, University Park, PA, 16802.
2. Earth and Environmental Systems Institute. University Park, PA, 16802.
* Correspondence: J.P. Lynch e-mail:jpl4@psu.edu

Abstract
Phosphorus is an essential element for life on Earth with generally very low availability
in the soil. We developed a new approximation of available phosphorus (AP) at a global scale to
highlight the importance of phosphorus deficiency for the adaptation of plants to climate change.
We obtained a characteristic AP value (ppm) from soil survey databases for individual soil units,
with either Olsen or Bray P analyses for non-acid and acid soils respectively. We finally collected
5090 We then created raster maps by converting polygon soil maps with the AP value assigned to
the map cells. With general threshold AP values for different land uses from the literature, we
classified land areas as either extremely P deficient, responsive to phosphorus and P sufficient for
agriculture, pasture and tree covered land. Finally, we combined these AP deficiency maps with
representations of projected climate change for years 2050 and 2080. We were able to estimate
the extent of vegetated land that will likely experience significant climate change effects and that
is concurrently affected by AP deficiency. Our analysis indicates that between 4 to 29 Tm2 in the
year 2050 and from 25 to 50 Tm2 in 2080 of low P agricultural land will be affected by
temperature increases above 2 °C, with most of this area concentrated in the tropics. Similar
trends occur in other land use land covers, and we finally estimate that approximately 70% of
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vegetated land has suboptimal AP. The areas with concurrent low AP soil and reduced
precipitation were much smaller, with only 5% of total land affected by these two factors. If plant
growth is already restricted by nutrient limitations, then any potential increase in food production
that may occur under increased atmospheric CO2 will be a regional response restricted to high AP
soils in mostly temperate regions. Our work points to the urgent need for more in situ research
focused on the response of crops in tropical low P soils to increased atmospheric CO2, drought
and temperature stress.

Keywords: Available phosphorus, Olsen P, Bray P, climate change, land cover land use, LULC,
critical value

INTRODUCTION
Plant available phosphorus (AP) is a major limiting factor for plant growth and crop
production. This comes as consequence of the essential nature of phosphorus for life and its
tendency to remain in the soil mineral fraction with very small amounts available for plants and
microorganisms (Hinsinger, 2001; Marschner, 1998; Sharpley, 2000; Vance et al., 2003). Unlike
nitrogen, the other major limiting nutrient for plant productivity on Earth (Elser et al., 2000;
Vitousek et al., 2010; Vitousek et al., 2002), phosphorus is not present as a gas component of the
atmosphere. Therefore, plant growth depends on the amount of available P originating from the
soil parent material, from redistribution of soil from e.g. erosion, or from fertilizer and organic
material inputs in agricultural systems (Sharpley, 2000; Vitousek et al., 2010). Available
phosphorus in the soil will gradually decline over time until reaching what was coined as the
“terminal steady state” (Vitousek, 2004; Walker and Syers, 1976).
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Because of its importance, several efforts have been made in the past to describe the
distribution of AP around the world: Sanchez (1976; 1981) used an expert approach to link soil
AP level to individual Soil Taxonomy orders, later von Uexküll and Muttert (1995) used the close
link of soil acidity with P availability and estimated the distribution of low AP in acid soils. More
recently, Fairhurst et al (1999) created an aggregated map with four categories of phosphorus
limitation in a raster map with one half degree resolution. In all cases an attempt was made to link
soil properties or soil classification to a qualitative category of phosphorus availability. In a
general context this is similar to the discussion of soil classes and soil organic phosphorus made
by Harrison (1987) who classified Oxisols and Inceptisols as the Soil Taxonomy orders with
lowest and highest organic phosphorus respectively.
Available phosphorus is not a customary element of soil surveys (Driessen et al., 2001;
Soil Survey Staff, 2006b; Soil Survey Staff, 2010). Many different tests exist to assist fertilizer
recommendations or assess environmental risk of contamination (Batjes, 2010; Sharpley, 2000;
White and Hammond, 2008). In contrast to P evaluation, other more standard parameters used in
soil classification (Wilding, 2000) have allowed previous estimates of global edaphic trends, such
as the assessment of the carbon sequestration capacity of the world (Gifford et al., 1996; Lal,
2003) and the global map of carbon and nitrogen described by Batjes (1996).
Regional and global soil maps are customarily produced employing any of the numerous
existing classification systems (Rossiter, 2004; Spaargaren, 2000; Wilding, 2000). The most
common soil classification systems today are the FAO World Soil Map Legend / World
Reference Base from the Food and Agriculture Organization of the United Nations (Driessen et
al., 2001; FAO-Unesco, 1974; IUSS Working Group WRB, 2006) and the U.S. Soil Taxonomy
(Soil Survey Staff, 2010), a complete discussion of their approach and focus can be found
elsewhere (eg. Rossiter, 2004; Spaargaren, 2000). Many variables used as criteria for soil
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classification are related to AP level in the soil as pH, texture or organic matter content (Sharpley,
2000).
In the present study we combined AP information from regional and global soil
databases, aggregated by soil classification unit, in order to approximate the presence of APdeficient soils. We selected two general types of AP analyses, the Olsen test (Olsen et al., 1954)
commonly recommended for neutral and alkaline soils and the Bray test (Bray and Kurtz, 1945)
used mostly in acid soils (Elrashidi, 2010; Foth and Boyd, 1997; Moody and Bolland, 1999;
Pierzynski, 2000; Table 4-1, Figure 4-1). Explicitly, our central assumptions are that soil unit
(order, suborder or reference groups) is an adequate predictor of phosphorus availability and that
the characteristic AP value for each soil unit can be extrapolated to regions beyond those directly
sampled.
Multiple projections of climate variables are accessible today from global climate change
research (e.g. IPCC, 2007a); also, a global map based on satellite imagery of land use and land
cover (LULC) is available (Bartholome and Belward, 2005; See and Fritz, 2006). Our second
objective combines the AP maps with climate change precipitation and temperature and LULC
maps, in order to identify the extent and location of the land areas that may suffer from
phosphorus deficiency and that will experience significant climate change.

MATERIALS AND METHODS

Analysis of available phosphorus databases
We collected information on AP at both global and regional levels. The global AP
information sources were the International Soil Reference and Information Centre (ISRIC) and
the Natural Resources Conservation Service (NRCS) affiliated with the U.S. Department of
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Agriculture. ISRIC data consisted of a global soil database, the World Inventory of Soil Emission
potentials (WISE), with about 4400 soil records, and approximately half of the data located in
Africa (Batjes, 1995; Batjes, 1997; Batjes, 2002; Batjes, 2010). The NRCS data consisted of
information obtained from the NRCS web server for 1670 soil profiles with AP information (Soil
Survey Staff, 2006c). Contrary to the global distribution of WISE, the NRCS profiles were
located mostly in the continental US. All AP information from both datasets was restricted to
surface horizon values only.
At regional level we collected the following information:
-

The “Land in Tropical America” dataset and map (Cochrane et al., 1985) with 850 land units
from the tropical lowlands of South America (Bolivia, Brazil, Colombia, Ecuador, Peru and
Venezuela). Soil Taxonomy and the FAO 1974 legend were used for soil classification. All
sites have land use description. Bray AP information is available for 590 land units.

-

Historical datasets from Peter Lindert (2000) with information on changes in AP for
Indonesia and China from 1930 to 1980. These data were used by Lindert (2000) to analyze
changes in soil properties that result from land use history in both countries. We selected the
Indonesia data for 1980 described to soil order in US Soil Taxonomy system and analyzed
with the Bray test. Data from China could not be used as the final AP unit reported was
percentage P from total P, which is not compatible with other information.

-

The Mexican National Information on Soil Profiles (INEGI, 2004), that covers about 9500
soil profiles described from 1970 to 1997. The AP test was determined according to soil pH,
with Olsen for soils above pH 6.0 and Bray for soils with less than 6.0 pH.

-

Information from Canada, as part of the NOAM-Soil project (Miller et al., 2009) that
corresponds to pedons of the Northwestern territories and British Columbia with latitude
between 48 to 58 ºN. All of this information is classified using the Canadian Soil Taxonomy
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system that closely corresponds to U.S. Soil Taxonomy. AP was analyzed with the Bray-I
method.

Statistical analysis and data merging
In the case of both Olsen and Bray AP data, our analysis began by eliminating values
above 100 ppm, which represented less than 1% of the observations. These data were judged to
be outliers from either heavy use of manure or fertilizer, as common in many regions world
(Sharpley, 2000).
With the filtered data, we calculated Olsen AP data from ISRIC-WISE and Mexico’s
INEGI databases which were aggregated at reference soil group (RSG) level using the 1974 Fao
World Map Soil Legend. Bray AP data from the NRCS database was combined with the
Indonesia (Lindert, 2000) profiles and the NOAM data from Canada (Miller et al., 2009) and was
aggregated at Soil Taxonomy suborder level.
The frequencies, arithmetic mean, median, 75% percentile and standard deviation of
available P were calculated for each soil unit within each database for Bray and Olsen AP. For
most of the analysis presented here we use the median AP as this parameter is less affected by
outliers. We note that agricultural use could have an effect on available P over time and that some
of this effect could be apparent in the shape of the distribution of AP (Sharpley, 1995; Syers et
al., 2008; Weld et al., 2001)
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Soil Taxonomy maps
Global digital soil polygon maps were obtained with the FAO classification standards
from the FAO Digital Soil Map (FAO/UNESCO, 2003) and in Soil Taxonomy from the USDA
NRCS web server (Soil Survey Staff, 2006b).

Critical values for Olsen and Bray test
The AP databases had information from different soil analysis methods. These could be
differentiated in tests recommended for acid soils as the Bray test (Bray and Kurtz, 1945), for
neutral and basic soils as the Olsen procedure (Olsen et al., 1954), and tests with no
differentiation for soil pH as the Mehlich test (Kovar and Pierzynski, 2009; Mehlich, 1984).
Based on a literature survey of critical values for crops, pasture and forest for P soil concentration
measured with Olsen and Bray tests (e.g. Syers et al., 2008), we created a general table for each
land use and analysis method (Table 4-2).

Land use cover
We obtained the Global Land Cover mapping for year 2000 (GLC 2000; http://wwwtem.jrc.it/glc2000; Bartholome and Belward, 2005) (Figure 4-2). GLC 2000 provides a global
representation of land use and land cover in a raster map with 23 categories including agricultural
area, forest, grassland and barren lands. For the analysis we grouped original categories from
GLC 2000 in agricultural, pasture and forest land (Table 4-3; Figure 4-3). The cell size of the
reclassified map was resampled from ≈ 0.001 to ≈ 0.1 degrees using the nearest neighbor
algorithm.
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Climate Change Scenarios
Future projections of climate change are estimated

with global circulation models

(GCM) and scenarios for human CO2 emissions (eg. IPCC, 2000; IPCC, 2007a). Currently
several sources of data with results from multiple GCMs are available either from individual
organizations or from the Inter-Governmental Panel for Climate Change (IPCC) of the United
Nations. We obtained raster maps of 0.5 degree cell size (originally in ASCII format) of projected
surface air temperature and precipitation changes for years 2050 and 2080 from the Climate
Wizard (www.climatewizard.org; Girvetz et al., 2009) for three contrasting GCM and one
ensemble of 16 different GCMs. The data were analyzed using three contrasting emission
scenarios from the IPCC, namely A2 (high emission), B1 (low emissions) and A1B (high
emissions with gradual decline) (IPCC, 2000).

Spatial processing
Both the FAO legend and Soil Taxonomy global soil maps – at RSG and Suborder level
respectively, were linked to the Olsen AP and Bray AP tables respectively. We therefore created
two independent polygon maps for Olsen and Bray AP. These maps were later converted to AP
raster maps using the ‘Feature to Raster’ conversion tools in ArcGIS (ESRI Redlands, CA;
ArcGIS v9.2). We selected a size of ≈ 0.1 degree cell length to match with the LULC raster maps.
Based on the values of soil pH for 10 Soil Taxonomy orders (Foth and Boyd, 1997), and
using the separation of individual Soil Taxonomy orders recommended for Olsen and Bray
recommended analysis regions (Elrashidi, 2010 ; Table 4-1) we created separate polygon overlay
masks for the raster maps with separate areas for each method of AP determination (Figure 4-1).
With this we could merge the raster maps from Olsen and Bray into a single global map with no
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overlap in the soil tests and avoid duplication of estimated land affected by phosphorus
deficiency.
The individual raster maps of AP were combined with the LULC map and were
reclassified using map algebra into categories of phosphorus deficient / sufficient land for
agriculture, pasture and forest LULC. These maps were then combined with climate change
scenarios maps from the Climate Wizard for change in surface temperature and annual
precipitation. The total expected areas that will be affected by low P and temperature above 2 °C
or decline in precipitation higher of 20% inside each LULC were obtained using conditional map
algebra.
We calculated the total areas where simultaneous phosphorus deficiency and climate
change occur. For this, we assigned all cells the value of the area of an square of ≈ 0.1 degree
square at the Equator and multiply this value by the cosine of the latitude expressed in radian
(Miller, 1994; Usery and Seong, 2001) using the spatial analyst functions in ArcGIS v9.2
(Appendix I)
A graphical representation on the steps made in this project to obtain the information on
AP and the subsequent analysis is presented in Appendix II

RESULTS
The ISRIC WISE database provided 1641 observations with AP data, 70% of them made
with the Olsen test (Table 4-4), these last represented 14 of 30 FAO RSG with more than 10
records (Table 4-5). In general, the RSG with fewer records were those soils with severe climate
or physical limitations and soils of low pH that would be analyzed with the Bray test instead of
Olsen.
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Within the RSG with more than 10 observations, Arenosols had the smallest Olsen AP.
These are coarse textured soils (Arena means sand) with very low organic matter content. The
highest Olsen values were found in soils rich in organic matter (Phaeozem) and other RSG
without severe limitations for agriculture and probably associated with alluvial accumulation (e.g
Fluvic Xerosols, Fluvisols) but under a dominantly dry climate regime. In those records where a
Soil Taxonomy identifier is also present, we found the highest Olsen AP values in the Mollisols
(Udolls and Ustolls that correspond to Phaeozems), which are wet and organic soils with similar
values, for instance, in both Jamaica and Tanzania.
The data from INEGI’s Mexico Soil Profiles Database (Table 4-6) had 3402 Olsen AP
records with very few observations in acid (Acrisols, Histosols, Nitosols) or rocky (Rankers) soils
which were eliminated from further analysis. The median values had a restricted range from 1.5
to 10.2 ppm with the greatest values in the Solonchaks and Yermosols, which are soils that could
be influenced by alluvial depositions but are still formed under dry climates. The average values
suggest also the separation of some young soils in transition (Luvisols, Vertisols and Cambisols)
which had smaller AP values than Phaeozems or Yermosols which could result from higher clay
content.
ISRIC and INEGI’s tables were combined using a weighted average for each statistical
descriptor. That is, we multiplied the frequencies inside each database with the respective AP
values and the result was divided by the total number of records. With this procedure we created a
table with information for 19 RSGs (Table 4-7) using approximately 4650 values of Olsen AP.
The values from the USDA-NRCS database (Soil Survey Staff, 2006c) produced 690
Bray AP measurements from which 566 corresponded to suborders with at least 10 observations.
The filtered data contained only 22 of the 64 suborders Soil Taxonomy, with the highest median
value in the Ustands (119 ppm) a probable outlier. Both Olsen datasets (ISRIC and INEGI) had
Andosols (RSG equivalent to Andisols) with very low AP values. The lowest Bray AP was in the
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acid Hemist (1.3 ppm). Cold and frigid climate regimes areas which include many Spodosols
(Cryods and Gelods) and Andisols (Cryands, Xerrands) were notably lacking in information.
These frigid soils represent in total an area of 7.73 million km2 in the northern regions of North
America, Europe and Asia (Figure 4-4).
Compared with the data from regional databases, the Bray AP values from NRCS were
higher. For instance, in the Oxisol and Ultisol suborders, Bray AP was four to seven times larger
than the records from South America. The median AP per Soil Taxonomy suborder were
compiled in a single table with a characteristic AP for 48 out of 64 suborders in Soil Taxonomy
(Table 4-6). The total number of records for Olsen and Bray AP added to 5090 employed records.
The soil polygon maps with AP values were transformed in non-overlapping raster maps
for both Bray and Olsen AP (Figure 4-7) and merged in a single map for display purposes (Figure
4-8) but keep separated for calculation of Olsen and Bray areas with concurrent P deficiency and
climate change, as shown below.
In agricultural and forest land we used the values of Table 3.2 in the AP maps to
reclassify into categories of AP deficiency. Individual maps and corresponding legends are
displayed in Figures 4-9, 4-10 and 4-11.
Climate Wizard raster maps from three individual GCMs plus an ensemble of 16 GCMs
for three climate scenarios were combined with the reclassified maps of AP deficiency for
agricultural, pasture and land cover (Table 4-3) and the areas affected simultaneously by AP
deficiency and climate change (increase temperature greater than 2°C or decline in precipitation
larger than 20%) were calculated with latitudinal corrections. According to our initial results
between 4 to 29 Tm2 (1012 m2) in the year 2050 and from 25 to 50 Tm2 in 2080 of low P
agricultural land will be affected also by an increase in temperature higher than 2 °C (Table
4-10). The area of low P agricultural land in year 2050 and 2080 that could experience more than
20% decline in precipitation will reach a maximum of 3 to 6 Tm2 respectively (Table 4-9). This
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effect will be concentrated mostly in agricultural temperate areas by 2050 but will expand to
tropical regions by 2080. Within forest land we found a total of about 12 Tm2 affected with
coincident temperature increase and suboptimal AP and only 3 Tm2 with concurrent precipitation
decrease (Table 4-10). Pasture land in general had similarly large areas with concurrent
temperature increase and low AP (6 Tm2) (Table 4-10), but much smaller area with reduced
precipitation and low AP, reaching a maximum of 0.3 Tm2 (Table 4-9)

DISCUSSION
We have created an approximation of the distribution of available phosphorus in
terrestrial ecosystems. We based our analysis on AP information from soil profiles classified with
either the FAO 1974 soil map legend or the US Soil Taxonomy system with information from
two common tests, the Olsen and Bray analyses. By linking the values of individual soil units and
processing the maps with this information, we created global raster maps for Olsen and Bray AP
that were then combined with maps of climate change and LULC. Our AP maps confirm the
pervasive nature of suboptimal phosphorus availability for plant growth in terrestrial ecosystems.
These maps show important differences between temperate and tropical areas, and confirm the
known tendency for weathered soils to have very low AP. We estimate that depending on the
climate scenario and global circulation model used, by 2050 from 4 to 29 Tm2 of phosphorus
deficient agricultural land will experience a temperature increase of more than 2°C, and that
number will increase to 50 Tm2 in 2080. The concurrent area of decreased precipitation in low
AP agricultural areas is much smaller, with a maximum of 3 Tm2. To our knowledge, this
represents the first attempt to address phosphorus deficiency specifically and in general soil
variability and edaphic limitations when estimating climate change impacts in agro-ecosystems
(IPCC, 2007a; Korner, 2006; Long et al., 2006; Lynch and St Clair, 2004; Tubiello et al., 2007).
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Available P is not a standard measure in soil surveys and, moreover, there are at least ten
alternative methods to estimate AP (Batjes, 1997; Sharpley, 2000). In order to cover most global
land surfaces we used information obtained with Olsen or Bray tests that are recommended for
neutral/alkaline or acid soils respectively. Another challenge was that the soil description was
made with classification systems that were not equivalent or had weak correlation. We decided to
address these limitations by separating the analysis of our data according to the type of
measurement made and the soil classification used. We finally produced an Olsen AP map based
on the FAO legend and another Bray AP map based on Soil Taxonomy.
To emphasize the reduced amount of P information, compared with other variables
common in soil surveys, we point to the difference between the estimate for total carbon and
nitrogen for the world (Batjes, 1996). The maps of this study are also based on WISE and NRCS
information (using locations different than ours), and as opposed to the P map, all FAO soil
orders are described with approximately four times more observations.
Batjes (1996) nitrogen and carbon global estimation and the P map we developed, both
suffer from large variability within each soil order. In the case of nitrogen, coefficients of
variation ranged from 10 to 150% (Batjes, 1996). The P information presented outliers that can
spread the distribution of the data, leading to the use of the median AP instead of the average or
the 75% percentile. Such outliers suggest variability associated with land use, nutrient fluxes and
history of fertilizer use; none of these factors can be aggregated at this moment and may be
beyond the capability of the sample description that is available.
One of the key issues to arrive at a correct interpretation of phosphorus deficiency is the
selection of the correct threshold value if using soil analysis, leaf mineral concentration or ratios
of leaf nutrients concentration (Koerselman and Meuleman, 1996; Vitousek et al., 2010) which is
the result of interpretation of historical and experimental information available for plant responses
to phosphorus (Cate and Nelson, 1971; Tang et al., 2009). In our study we used seven ppm to
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identify extremely P deficient agricultural land, and a range from 7 to 17 to identify areas
responsive to P addition. These two categories covered all Olsen agricultural regions, and more
than 99% of the Bray agricultural land when using the median AP as descriptor.
The use of the range from 2 to 17 ppm in the median Olsen for pasture land, produced a
single category of responsive to P for this LULC. The use of 4 ppm Olsen P as a threshold for P
deficiency of forest land identified no areas with P deficiency, while the use of 6 ppm in the Bray
AP map located a large area as responsive to P. The large shift that such change of 2 ppm can
create suggests a very narrowed distribution of the total AP from either Olsen or Bray.
As an example of this phenomenon we represented the separation of Olsen agricultural
land in a range of 4.5 to 5.5 ppm (Figure 4-12). There is a clear shift in the interpretation, if
instead of 7 ppm we use an alternative lower number, further refinement and alternatives in the
identification and location of P deficiency is possible. A better limit value to identify phosphorus
deficient areas in both Olsen and Bray AP may be between 4 to 5 ppm AP.
China is an area we do not have samples from but has an overlap in the Olsen and Bray
raster maps before extracting area based in soil order for recommended test. A comparison of our
results in China with those of Zhang (2005), suggest that the Olsen map has a better description
of AP, as the West to East trend at 35 N latitude correctly separates low and high AP areas as
described by Zhang (2005). But the data for Bray AP cannot make the distinction between high
and low AP from Northern to Southern China. We had a much larger number of observations
with Olsen, and probably we can distinguish more clearly high versus low AP areas in Olsen soils
than in Bray soils.
A significant area of the extreme high latitudes in Siberia, mostly corresponding to
Tundra forest lands, also has severely low P soils, in agreement with reports of low P
conditioning plant diversity for Siberia (Wassen et al., 2005) and natural vegetated areas in
Saskatchewan above 51 N latitude (Whitson et al., 2005)
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Despite the relatively small area of forest land with P limitation, we still confirmed the
same trends as with agricultural land of steep increases in 2080 of land affected with either
temperature increase or drought (more than 20% decrease in precipitation). Most scenarios with
median Olsen AP for forest with the HadCM model, indicated an area in Central America that is
always affected by the changes in precipitation, temperature increase and low P values. This
could be the first hotspot in terms of concurrent and confirmed effects of soil limitation and
climate change.
We have confirmed with the map for median AP values, the universal presence of low
phosphorus soils, as described before by several authors (Jahnke, 1992; Moody and Bolland,
1999; Sanchez, 1976; Sharpley, 2000; Syers et al., 2008). Nonetheless the interpretation of this
map, is land cover specific and depends on the limit value for AP deficiency categories.
It is important to consider that climate change has several components beyond changes in
temperature or precipitation, like the effect of increasing atmospheric CO2 on the physiology of
plants. To fully understand the impacts of the spatial distribution of soil mineral deficiencies and
other soil related limitations, these effects must be addressed concurrently (Korner, 2006; Long et
al., 2004; Long et al., 2006; Lynch and St Clair, 2004). Low P availability may have important
yet poorly understood interactions with climate change variables. Specifically, P limitation has
been shown to alter plant responses to water stress. For example, the use of phosphoric rock with
gypsum amendments in the Brazilian Cerrados has shown synergetic effects in root formation and
reduced drought effects (Gomes and Lobato, 2003; Zancanaro, 2003). Little is known of the
interaction of P limitation with plant response to high temperature stress which has been observed
more frequently associated with other mineral stresses as K unbalances for instance (Marschner,
1998). High temperature would accelerate plant phenology, which would have various important
effects for the acquisition and utilization of P and other nutrients (Nord and Lynch, 2009). P
limitation may interact with elevated CO2 in complex ways- it may prevent growth increases that
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might occur in more fertile soils, or elevated CO2 may ameliorate P stress by enhancing root
growth (BassiriRad et al., 2001). Existing data from FACE sites are not very helpful since they do
not adequately represent low P soils. Insufficient consideration of the pervasive nature of P
limitation for plant growth is a major obstacle in understanding potential responses of terrestrial
ecosystems to global change.

Summary and conclusions
•

A new representation of worldwide AP distribution was created, and a first estimation of
concurrent climate change and low P soils indicates that large agricultural and forested areas
will experience a complex and poorly understood concurrent stress.

•

To better estimate the extent and location of these areas, more analysis in our map is needed
as with changes in the estimation with other deficiency limit values and using other AP
descriptors besides the median that we have employed for this study.

•

A more realistic and complete understanding of the extent and complexity of concurrent
edaphic factors with climate change, requires more data collection for P distribution, and
new in situ experimentation in tropical, low P areas.
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Table 4-1. Characteristic soil pH in selected Soil Taxonomy orders and recommended P
test analysis
Mean pH of surface horizons
of Soil Taxonomy orders1
Order

pH

No of Observations

Aridisols
Vertisols
Mollisols
Entisols
Inceptisols
Alfisols
Oxisols
Spodosols
Ultisols

8.1
7.5
7.0
6.9
6.0
6.0
5.5
5.1
5.0

4421
1279
13927
3747
5506
11465
300
2074
5565

Recommended
Available P Test2
Olsen
Olsen
Bray I or Olsen
Bray I or Olsen
Bray I or Olsen
Bray I or Olsen
Bray I or II
Bray I or II
Bray I or II

1) Foth and Boyd (1997). Gelisols and Histosols are not mentioned in
the reference

103
2) Elrashidi (2010)
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Table 4-2. Broad AP threshold values (ppm) for agricultural, pasture and forest land use.
Non acid soils
Available
Phosphorus
Test

Extreme
deficiency

Acid Soils

Critical
level

Extreme
deficiency

Critical
level

Crops

Olsen
Bray I
Bray II

7

Olsen
Bray I

2

(1, 8)

17
13 (2)

7

17 (3, 8)

Pastures
15 (4)
12 (5)
Forest

Olsen
Bray I
1)
2)
3)
4)
5)
6)
7)
8)

4 (6)

6 (7)

Tang Y. M. et al. Plant Soil. 323:143–151. 2009
Gideon O. A. and Akinola A. A. Fertilizer Research 6: 65-71. 1985
Berardo A. et al. Better Crops International. Vol 15 No 1. 2001.
Gilbert J. et al. Biological Conservation, 142(5), pp. 1074–1083. 2009.
Quintero C. E. et al. Agricultura Técnica. Chile.56(1): 18-22. 1996
Ballard, R. NZ J. For. 15:88-99. 1970.
Palmera, D.J. et al . Forest Ecology and Management 220, 1-3, 10:140-154. 2005
Syers, J.K. et al. 2008. Efficiency of soil and fertilizer phosphorus use. FAO. Rome
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Table 4-3. Reclassified categories of land cover and land use from the original GLC 2000
v1.1.
Raster
Value ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Original GLC 200 Classification
Tree Cover, broadleaved, evergreen
Tree Cover, broadleaved, deciduous, closed
Tree Cover, broadleaved, deciduous, open
Tree Cover, needle-leaved, evergreen
Tree Cover, needle-leaved, deciduous
Tree Cover, mixed leaf type
Tree Cover, regularly flooded, fresh water
Tree Cover, regularly flooded, saline water
Mosaic: Tree Cover / Other natural vegetation
Tree Cover, burnt
Shrub Cover, closed-open, evergreen
Shrub Cover, closed-open, deciduous
Herbaceous Cover, closed-open
Sparse herbaceous or sparse shrub cover
Regularly flooded shrub and/or herbaceous cover
Cultivated and managed areas
Mosaic: Cropland / Tree Cover / Other natural
vegetation
Mosaic: Cropland / Shrub and/or grass cover
Bare Areas
Water Bodies
Snow and Ice
Artificial surfaces and associated areas
No data

Reclassified
Labels
Forest Area
Forest Area
Forest Area
Forest Area
Forest Area
Forest Area
Forest Area
Forest Area
Forest Area
Forest Area
Not Used
Not Used
Pasture
Not Used
Not Used
Agriculture
Agriculture
Agriculture
Not Used
Not Used
Not Used
Not Used
Not Used
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Table 4-4. Frequencies of records in the WISE database with available phosphorus (ppm)
information according to the different methods of analysis
Method
Code
TP-- **

Methodology*1

Frequency

Percent

70
141

4.27
8.59

1106

67.4

TP08

Not measured
Method of Bray I (dilute HCl/NH4F)
Method of Olsen (0.5 M NH4CO3 extraction at pH
8.5)
Method of Truog (dilute H2SO4)
Method of Bray II (dilute HCl/NH4F)
Modified after ISFEI method, A.H. Hunter (1975)

94
36
20

5.73
2.19
1.22

TP11

Spectrometer

12

0.73

North Carolina (0.05 M HCl, 0.025 N H2SO4)
0.02 colorimetric in N H2SO4 extractant
Method of Olsen, modified by Dabin (ORSTOM)
Method of Kurtz-Bray I (0.025 M HCl + 0.03 M
NH4F)
Complexation with citric acid (van Reeuwijk)
NH4-lactate extraction method (KU-Leuven)
Bray-I (acid soils) resp. Olsen (other soils)
Method not defined

24
10
18

1.46
0.61
1.10

8

0.49

TP02
TP03
TP04
TP07

TP12
TP13
TP14
TP15

11
0.67
2
0.12
TP17
35
2.13
TP18
54
3.29
TP99
1641
100
TOTAL
* As indicated in the corresponding table of the WISE v2.2 (2002) database.
** The corresponding values present P information despite the legend indicates otherwise.
1 A complete review on the methods mentioned here is available electronically in Kovar and
Pierzynski (2009)
TP16
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Table 4-5. Values of Olsen available phosphorus (ppm) for 22 reference soil groups
(RSG) in the ISRIC-WISE database according to the FAO 1974 legend.
FAO RSG
(1974 legend)

Average
Olsen AP

Median
Olsen AP

75%
Percentile
Olsen AP

Frequency

Lithosols

2.30

2.30

2.30

1

Andosols

3.65

3.65

4.60

2

Yermosols

3.70

3.70

4.40

5

Arenosols

8.17

4.60

9.20

250

Greyzems

4.60

4.60

4.60

1

Planosols

4.89

4.60

6.90

14

Solonetz

4.98

4.60

6.90

6

Rendzinas

9.75

5.75

14.90

4

Regosols

12.33

6.60

13.30

35

Cambisols

10.89

6.90

13.70

69

Chernozems

9.98

6.90

13.70

24

Luvisols

12.47

6.90

13.60

299

Nitosols

8.74

6.90

9.20

23

Vertisols

11.88

6.90

13.45

68

Acrisols

11.42

7.25

16.50

26

Solonchaks

11.08

8.05

13.40

12

Gleysols

13.28

9.20

16.00

66

Fluvisols

14.04

11.50

20.60

89

Xerosols

18.53

11.90

25.20

77

Ferralsols

19.95

19.00

27.50

6

Kastanozems

19.83

20.60

25.20

3

Phaeozems

60.58

32.25

86.00

26

Total

12.76

6.90

13.70

1106.00
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Table 4-6. Descriptive statistics for Olsen available phosphorus (ppm) in 21 reference
soil groups (RSG) from Mexico’s INEGI soils database, according to the FAO
1974 legend. Olsen AP test was carried out in all soils with pH greater than 6.
FAO RSG

Average
Olsen P

Median
Olsen P

Acrisols

1.81

1.5

Rendzinas

4.26

2.0

Luvisols

7.28

2.2

Nitosols

2.35

2.3

Gleysols

7.22

Histosols

2.73

Kastanozems

5.58

3.4

Cambisols

10.66

3.6

Vertisols

8.07

3.8

Rankers

11.1

Xerosols

12.09

Chernozems

5.96

4.3

Lithosols

20.37

4.3

Andosols

5.43

5.1

Phaeozems

12.18

Planosols

11.3

75%
Std Dev
Percentile
Olsen P
Olsen P
2.1

Frequency Average Frequency
Olsen P
pH
pH

1.06

9

6.48

10

3.6

9.32

407

7.65

415

4.25

20.11

136

6.76

144

3.3

1

11

6.94

11

2.5

4.7

13.61

82

7.15

83

3.1

3.65

1.25

4

7.68

4

7.9

6.35

89

7.91

109

12.6

17.59

96

6.83

99

8.7

16.96

420

7.64

450

3.9

27.2

13.97

3

6.23

3

4.1

11.4

24.68

424

7.85

439

9.1

6.77

31

7.73

32

16.4

61.73

66

7.29

69

7.6

2.62

24

6.23

25

6.1

16.1

15.36

393

7.04

430

6.5

14.2

14.58

40

6.8

54

Solonetz

12.43

6.9

12.85

20.27

36

8.52

37

Regosols

22.74

8.2

19.85

47.42

656

7.51

695

Fluvisols

20.68

9.0

20.6

33.26

77

7.81

79

Solonchaks

22.38

9.8

24

44.86

177

8.25

182

Yermosols
Total

22.32
13.58

10.2
4.60

22
13.20

39.93
31.18

221
3402

7.95
7.54

227
3597
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Table 4-7. Statistical Olsen available phosphorus descriptors for FAO reference soil
groups with data combined from the ISRIC and INEGI databases, plus
comparisons between the values. Data ordered from smallest to highest median
Olsen.
FAO RSG
(1974 legend)

Olsen Available Phosphorus
(ppm)
Weighted Weighted Weighted
Average
Median
Q75

Total
Frequency

Average
> Q75?

Average
> Median?

Rendzinas

4.31

2.04

3.71

411

Yes

Yes

Vertisols

8.60

4.23

9.36

488

No

Yes

Lithosols

20.10

4.27

16.19

67

Yes

Yes

Arenosols

8.17

4.60

9.20

250

No

Yes

Cambisols

10.76

4.98

13.06

165

No

Yes

Andosols

5.29

4.99

7.37

26

No

Yes

Xerosols

13.08

5.30

13.52

501

No

Yes

Nitosols

6.67

5.41

7.29

34

No

Yes

Luvisols

10.85

5.43

10.68

435

Yes

Yes

Chernozems

7.71

5.43

11.11

55

No

Yes

Gleysols

9.92

5.49

9.74

148

Yes

Yes

Acrisols

8.95

5.77

12.80

35

No

Yes

Planosols

9.64

5.97

12.31

54

No

Yes

Solonetz

11.37

6.53

12.00

42

No

Yes

Phaeozems

15.18

7.72

20.44

419

No

Yes

Regosols

22.21

8.07

19.52

691

Yes

Yes

Solonchaks

21.66

9.69

23.33

189

No

Yes

Yermosols

21.91

10.06

21.61

226

Yes

Yes

Fluvisols

17.12

10.34

20.60

166

No

Yes

Total

13.38

5.16

13.32

4508

Yes

Yes
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Table 4-8. Median and frequency of observations of available Bray P (ppm) from USDANRCS data and additional regional databases. Aggregation in Soil Taxonomy
suborders
Soil
Taxonomy
Suborder

Median
Bray AP

Frequency
of AP data

Soil
Taxonomy
Suborder

Median
Bray AP

Frequency
of AP data

Orthels
Aquods
Torrands
Vitrands
Ustands
Udands
Aquox
Torrox
Ustox
Perox
Udox
Aquerts
Xererts
Usterts
Uderts
Aquults
Humults
Udults
Ustults
Xerults

5.00
6.20
8.00
11.90
41.00
2.50
4.00
5.00
4.06
5.00
5.00
12.71
14.00
8.50
8.70
6.56
3.50
5.53
7.38
11.00

3
8
10
29
18
49
2
9
81
7
9
56
10
26
19
44
14
42
43
46

Albolls
Aquolls
Cryolls
Ustolls
Udolls
Aqualfs
Ustalfs
Xeralfs
Udalfs
Udepts
Aquepts
Anthrept
Cryepts
Ustepts
Xerepts
Aquents
Arents
Psamments
Fluvents
Orthents

30.45
5.52
9.43
8.33
5.50
8.33
7.40
11.00
7.00
4.80
10.17
11.44
17.45
10.60
30.50
12.33
10.20
16.70
12.55
6.47

20
4
22
3
6
27
40
6
21
52
39
9
30
20
47
134
27
61
68
15
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Table 4-9. Olsen and Bray agricultural, forest and pasture land area (km2) with concurrent low phosphorus soils (extremely P
deficient or responsive to P categories) and expected reduction in precipitation greater than 20% for year 2050 and
2080. Estimates from three global circulation models (GCM) and an ensemble of 16 GCMs under three climate
scenarios from IPCC.

Climate Scenario

CCS

a1b
a2
b1

27 262.80
44 187.60
17 078.80

a1b
a2
b1

43 973.20
52 084.10
16 015.90

a1b
a2
b1

4 093.49
6 445.22
2 967.24
Continues…

Bray Phosphorus deficient land (km2)
GCM 2050
Ensemble
Hadcm
Pcm
CCS
Agriculture
0.00
241 338.00 0.00 26 938.00
0.00
203 564.00 0.00 69 015.80
0.00
135 100.00 0.00 17 844.40
Forest
0.00 1 059 670.00 0.00 38 869.70
0.00 1 700 560.00 0.00 77 157.00
0.00
228 975.00 0.00 18 057.30
Pasture
0.00
111 244.00 0.00 3 965.77
0.00
232 959.00 0.00 10 516.40
0.00
37 795.90 0.00 2 839.63

GCM 2080
Ensemble
Hadcm
8 839.00
14 808.70
0.00

510 011.00
0.00
440 979.00 128.88
291 175.00
0.00

12 835.90 2 633 870.00
21 124.30 2 913 720.00
0.00 1 694 420.00
812.46
1 004.93
0.00

Pcm

394 089.00
355 547.00
195 543.00

0.00
0.00
0.00
0.00
0.00
0.00
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Continues….

Climate Scenario

CCS

a1b
a2
b1

197 412.00
326 409.00
51 064.50

a1b
a2
b1

22 414.70
20 892.50
10 688.60

a1b
a2
b1

11 073.40
11 198.30
8 957.78

1) Ensemble of 16 GCM

Olsen Phosphorus deficient land (km2)
GCM 2050
GCM 2080
1
Ensemble
Hadcm
Pcm
CCS
Ensemble
Hadcm
Pcm
Agriculture
119 130.00 789 300.00 5 305.66 170 379.00 420 957.00 1 685 820.00 151 574.00
22 968.20 494 766.00 9 671.64 427 056.00 605 588.00 1 761 470.00 248 230.00
0.00 533 139.00
111.08 55 171.50 32 430.50
899 769.00
697.76
Forest
545.24 10 814.00
18 708.40
655.12
195 723.00 12 861.30
217.18
5 505.41
328.06 123 069.00
4 787.78
187 758.00 51 053.30
0.00
4 679.78
11 186.80
109.88
76 321.00
0.00
Pasture
0.00
8 644.39
0.00 12 554.28
0.00
21 163.90
0.00
0.00
4 647.36
0.00 13 432.85
112.35
25 656.00
0.00
0.00
5 425.22
0.00
9 209.13
0.00
16 652.90
0.00
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Table 4-10. Olsen and Bray agricultural, forest and pasture land area (km2) with concurrent low phosphorus soils (extremely P
deficient or responsive to P categories) and expected increase in air surface temperature higher of 2 °C for year 2050
and 2080. Estimates from three global circulation models (GCM) and an ensemble of 16 GCMs under three climate
scenarios from IPCC.
Bray Phosphorus deficient land (km2)
Climate Scenario

CCS

GCM 2050
Ensemble

Hadcm

a1b
a2
b1

1 834 440.0 2 016 740.0 3 077 460.0
2 352 900.0 1 869 410.0 3 138 970.0
95 992.4
55 855.6
864 703.0

a1b
a2
b1

6 233 540.0 8 441 920.0 9 295 280.0
6 875 020.0 7 981 150.0 9 470 310.0
292 388.0
136 880.0 5 399 240.0

a1b
a2
b1

946 953.0
851 567.1
Continues….

830 354.0
822 473.0
7 583.1

949 738.0
998 254.0
524 305.0

Pcm

GCM 2080
Ensemble
Hadcm

CCS
Agriculture
5 728.2 3 628 600.0 3 454 520.0 3 589 430.0
2 617.8 3 636 510.0 3 458 730.0 3 627 780.0
244 695.0 1 809 090.0 3 310 770.0
Forest
22 013.8 10 267 800.0 10 103 900.0 10 257 400.0
1 430.6 10 276 500.0 10 117 200.0 10 275 700.0
1 399 110.0 7 989 280.0 9 783 590.0
Pasture
5 461.3 1 111 390.0 1 099 940.0 1 107 700.0
2 792.1 1 112 370.0 1 100 120.0 1 112 120.0
57.6
75 567.7
797 941.0 1 046 860.0

Pcm
1 003 000.0
2 599 690.0

2 037 600.0
7 359 100.0
2 056.2
291 208.0
983 344.0
57.6
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Continues….

Olsen Phosphorus deficient land (km2)
Climate Scenario
a1b
a2
b1
a1b
a2
b1
a1b
a2
b1

CCS

GCM 2050
Ensemble

Hadcm

24 598 780.0 23 756 740.0 29 974 250.0
10 740 700.0 10 893 200.0 11 849 000.0
10 388 700.0 10 317 000.0 12 088 400.0
744 506.7
369 214.0

708 924.4
354 398.0
322 527.0

1 109 220.0
436 059.0
433 948.0

13 126 530.0 12 500 700.0 14 402 160.0
5 283 370.0 5 348 940.0 5 701 760.0
5 643 610.0 5 249 910.0 5 826 490.0

Pcm
CCS
Agriculture
4 523 584.5 30 947 990.0
2 774 780.0 13 110 900.0
1 725 550.0 13 124 900.0
Forest
49 924.8 1 038 594.0
20 446.2
489 154.0
29 478.6
490 501.0
Pasture
3 194 477.0 15 885 260.0
1 966 490.0 6 242 400.0
737 740.0 6 312 960.0

GCM 2080
Ensemble
Hadcm

Pcm

35 708 400.0 38 604 200.0 21 631 023.0
12 693 500.0 13 088 000.0 8 723 290.0
12 703 100.0 13 123 000.0 12 293 700.0
1 125 632.0
446 799.0
446 799.0

1 422 620.0
490 372.0
490 501.0

580 153.9
122 736.0
437 803.0

17 442 200.0 18 500 730.0 11 391 821.0
6 169 120.0 6 268 220.0 4 630 630.0
6 220 690.0 6 301 320.0 6 128 530.0
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APPENDIX A

Steps taken in the calculation of surface area from a raster map
1) All cells in a raster to analyze were assigned the numerical value 129.235; equivalent to the
area in km2 of a cell of 0.10212212 ° at the Equator.
2) The corrected area was found multiplying 129.235 with the cosine of the latitude in radians.
The following Map Algebra expression was used in the Raster Calculator tool of ArcGIS to
obtain the coefficient for area correction:
COS (Raster*$$YMap/DEG)
Where $$YMap is an internal function to return latitude of each cell
Raster is the value one integer raster to analyze
Deg is a built-in constant in ArcGIS equal to 180 / π = 57.296
3) Zonal statistic calculation was carried out to obtain the sum for all cell values, which is the
total area in km2.
4) As validation of this approach we estimated the total land area of Earth without Antarctica
(excluded in our maps) as 132.61 x 106 km2. Assuming that Antarctica area is about 14 million
km2 then the land area for Earth will be 146.6 x 106 km2, which is 1.3% off the putative value
of 148 x 106 km2.
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APPENDIX B

Graphical representation of the steps taken to produce a global map of low P land with
concurrent climate change effects
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Figure 4-1. Separation of U.S. Soil Taxonomy orders by recommended AP analysis based on soil acidity. The Bray test is advised
for acid soils and Olsen test for non acid soils (see also Table 3.1). The regions for each test are used in our analysis
as masks to limit the AP data to the areas inside the soil orders for which the analysis is recommended.
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Figure 4-2. Land cover and land use (LCLU) classification from GLC 2000 v1.1. The cultivated and managed areas and the
cropland mosaics were joined to produce the total agricultural land, the herbaceous area represents pasture land and
all tree elements in the legend were grouped to represent the forested area.
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Figure 4-3. Example of the reclassified and aggregated categories used in our analysis for land cover and land use.
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Figure 4-4. Representation of the total area not covered in the Bray land map with available P information. Most of these
territories correspond to very cold Soil Taxonomy suborders of the Histosols and the Spodosols. The total area not
covered adds to 7.73 million km2.
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Figure 4-5. Olsen AP maps created with statistic parameters from the ISRIC and INEGI data combined; the images here does not
use the mask of soil orders recommended for Olsen P. Note that the median (right column) tends to have the lowest
values overall, while the 75% percentile increase the separation among soils and creates another interpretation of the
land affected by P deficiency.
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Figure 4-6. Frequency of observations used for the Olsen AP map, the image here does not use the mask of soil orders
recommended for Olsen P. Note that the values in red (smaller observations) mostly coincide with the region of soil
orders for which the Bray test is advised. Values represent the total sum for different soil reference groups from the
ISRIC-WISE and INEGI’s soil profile databases. White spaces represent areas without information (NA).
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Figure 4-7. Individual raster maps with Olsen (top) and Bray (bottom) available
phosphorus. Note the dispersion of data is bigger in the Bray map, despite
the actual area occupied by high values is less than 1%. Also in Bray we
have an area in the North latitudes that represent the Spodosols for which
we could not find reliable information at this time.
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Figure 4-8. Combined map with median Olsen and Bray available phosphorus. The occurrence of relatively high values for
median Olsen was found in soils from arid regions. The range from high to low median Olsen AP is only 8 ppm
while is 43 ppm in the Bray data. The dominance of red and light gray colors (AP < 9 ppm) indicates the dominance
of very low AP availability for most land in Earth.
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Figure 4-9. Bray and Olsen reclassified agricultural land according to thresholds for extremely deficient, responsive and sufficient
available phosphorus
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Figure 4-10. Bray and Olsen reclassified pasture land according to thresholds for responsive and sufficient available phosphorus
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Figure 4-11. Bray and Olsen reclassified forest land according to thresholds for responsive and sufficient available phosphorus.
(We could not find an extremely deficient value threshold for tree growth). Most of the yellow colored land belongs
to the Bray forest responsive to P category. The Olsen responsive to P areas are located mostly in Central America.
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Figure 4-12. Example of Olsen agricultural land separation based on threshold limits. Notice that with a limit of 4.5 ppm, the
smallest Olsen AP is mostly located in the tropical parts of the world. But as we move upwards, towards the values of 7
ppm that we used to classify land, this separation disappears.
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