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Abstract: Phosphorus (P), as a limiting nutrient, plays 
a crucial role in the mountainous ecosystem 
development. Its biogeochemical cycle in mountainous 
ecosystems determines the bioavailability and 
sustainable supply of P, and thus becomes a crucial 
process which needs to be fully understood and 
described for ecological and environmental 
conservation. However, most of research about P 
biogeochemical processes has been carried out in 
aquatic environment and agronomic field, but rare 
researches have been done in mountain ecosystem. In 
the present review, we summarize researches on P 
biogeochemical cycle concerning mountain ecosystem 
in recent decades, including rock weathering, the 
release, transformation and bioavailability of P, 
interactions between the P biological cycle and 
microbial and plant life, as well as the development of 
models. Based on the state of art, we propose the future 
work on this direction, including the integration of all 
these research, the development of a practical model to 
understand the P biogeochemical cycle and its 
bioavailability, and to provide a reference for ecological 
and environmental conservation of mountainous 
ecosystems and lowland aquatic systems. 

 
Keywords: Phosphorus; Biogeochemical cycle; 
Weathering; Microbe and plant; Model; Mountainous 
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Introduction 

Phosphorus (P) is one of the essential 

elements for plant growth (Filippelli 2008; Tiessen 
et al. 2011). It is a major component in organic 
compounds in plants, takes part in plant 
physiological and biochemical processes and plays 
a vital role in plant growth. According to bio-
stoichiometric theory, there is an equilibrium ratio 
among nutrients for healthy ecosystem 
development (Sterner and Elser 2002). This 
equilibrium will be broken if one nutrient is 
insufficient or in excess, which may affect the eco-
process and the primary productivity.  In this case 
the element concerned is considered as the limiting 
nutrient for the ecosystem development. In the 
terrestrial ecosystem, nitrogen (N) and P are two 
most common limiting elements. In young soils, N 
is the major limiting element due to its shortage, 
while P becomes the major limiting element in the 
long-term developed soils due to its continuous 
depletion (Walker and Syers 1976; Vitousek et al. 
2010). In contrast to N which is mainly from 
atmospheric deposition (Galloway et al. 2004), the 
source of P in ecosystems is significantly from rock 
weathering (Walker and Syers 1976). Compared 
with N, the P cycle in the pedosphere and 
biosphere is a relatively closed and slow process 
(Smil 2000), while its bioavailability plays a vital 
role in the absorption and assimilation of N by 
plants (Crews et al. 2000). On the other hand, the 
increasing N deposition, a significant feature of 
global change (Tian et al. 2010), is apt to result in P 
limitation (Vitousek et al. 2010). Therefore, in most 
ecosystems, especially in the terrestrial ecosystem, 
P would become the ultimate limiting nutrient 
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(Tiessen 2008). Concerning P biogeochemical cycle 
and its effect on ecosystem, a lot of researches has 
been done in aquatic and agronomic ecosystem.  
Mountainous ecosystems represent a typical 
terrestrial ecosystem, where the steep slope and 
thin soil layer cause easy loss and insufficient 
supply of P. Recent research has demonstrated that 
P became the major limiting element in some 
mountainous and high latitude ecosystems instead 
of N (Bowman 1994; Seastedt and Vaccaro 2001; 
Wassen et al. 2005).  

Lots of researches have demonstrated that the 
distribution of vegetation zone, especially the 
vertical distribution pattern in mountainous areas, 
is controlled by climatic condition. The growth 
limit of species, such as the tree line, is controlled 
by temperature (Korner 1998). However, as 
pointed out by Sala et al. (2000), climate change 
might not be the only factor impacting the 
ecosystem development. Biogeochemical cycle and 
bioavailability of nutrients should not be neglected. 
At the retreated area of the Hailuogou Glacier in 
Gongga Mountain, Southwest China, within a ca. 2 
km long distance and an altitude from ca. 2,900 m 
a.s.l. (above sea level) to 3,000 m a.s.l., the primary 
vegetation succession has developed, which can be 
described as five clear belts according to their 
dominant species: bare land - herds; Salix-
Hippophae-Populus; Populus; Picea, Abies-Betula-
Rhododendron; and Picea-Abies (Zhong et al. 1999; 
Li and Xiong 1995). How does the primary 
succession develop at this altitude where Picea 
should be the dominant species? The climate has 
not large difference within such a limited area. 
Studies indicated that at the glacial retreated area, 
P and N were both limiting elements for developing 
vegetation at the beginning of the pedogenic 
process due to the lack of N in mother rocks and 
scarcely available P from weak weathering and 
immature pedogenesis. Although the amount of 
available P is limited, it is possible to meet the 
demand for microbial development. Microbes 
assimilate atmospheric carbon (C) and N, excrete 
acid and enzymes which promote weathering and P 
release, and increase the availability of P. Therefore, 
in the retreated area, the pioneer plant is the 
species with the function of N fixation, such as 
Astragalus mongholicus. As P availability 
increases, some higher plants emerge and then the 
vegetation primary succession is developed (Data 

submitted to Geoderma). 
Since atmospherically deposited particles 

bring limited amounts of P into the terrestrial 
ecosystem (Filippelli 2008), the major source of P 
is from rock weathering. The global P cycle at a 
relatively short time scale can be regarded as a 
unidirectional process of discharge from 
weathering terrains and accumulation in the ocean 
(Vitousek et al. 2010). Therefore, the loss of P from 
the terrestrial ecosystem, even a very small amount, 
is difficult to recover under natural conditions. 
Research has indicated that the long-term P loss 
causes ecosystem retrogression in the long 
developed and highly weathered soils of wet 
tropical and subtropical areas, as well as high sand 
content soils from semi-arid tropical areas (Crews 
et al. 1995; Kitayama and Aiba 2002; Richardson et 
al. 2004; Selmants and Hart 2010; Wardle et al. 
2004). Some studies in Europe and North America 
demonstrated that the increased N deposition 
caused acidification of forest soils, and then 
changed the bioavailability of P. As a result, forest 
ecosystems were faced with gradual retrogression 
and biodiversity loss (De Schrijver et al. 2011; 
Roem et al. 2002). 

The terrestrial ecosystem is a P source, while 
the water ecosystem is a sink of P. Excess P 
discharge into the water is the major factor causing 
eutrophication (Smith 2003). Mountains are the 
most significant material source area and the 
beginning of global material and energy cycling, 
and play a crucial role in the global mass and 
energy balance (Raymo et al. 1988). Therefore, 
fluxes and bioavailability of P exported from 
mountains directly affect the lowland water quality. 

Mountain is a major landform unit which 
covers a large part of the terrestrial area. For 
instance, mountains cover nearly 70% of land area 
in China. Mountains, especially the high altitude 
areas are more sensitive to global changes than 
other landforms. They are always steep, and thus 
have sharp altitude gradients of climate, hydrology 
and also nutrients. Meanwhile, mountain areas are 
places with abundant biodiversity and vulnerable 
ecosystem. As mentioned above, the 
biogeochemical cycle of P controls its 
bioavailability, allocation and transportation in the 
mountain ecosystem. Therefore, research on the 
biogeochemical cycle of P in the mountain 
ecosystem deserves more attention whether from 
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the view point of development and security of 
mountain ecosystem or of eco-environment 
security of lowland water systems. 

In this review, we summarize the current 
researches on P biogeochemical cycle in the 
mountain ecosystem including the rock weathering, 
mechanisms of the release, transformation and 
bioavailability of P in soils, interactions between P 
biogeochemical cycle and microbial and plant life, 
as well as the development of P models. 

1      General Characteristics of P 
Biogeochemical Cycle in Mountain 
Ecosystems 

As a unique terrestrial geomorphologic unit, 
the biogeochemical cycle of P in mountains follows 
the same basic processes as in other terrestrial 
ecosystems (Figure 1) (Buendia et al. 2010). P is 
released from rocks (mainly apatites) by 
weathering. Some released P, being readily 
bioavailable, can be incorporated into plant tissues 
or assimilated by microbes and then converted into 
organic forms. Some released P is either co-
precipitated with secondary minerals (iron (Fe), 
manganese (Mn) and aluminum (Al) 
oxyhydroxides) or adsorbed onto their surfaces 
which cannot be directly utilized by plants and 
microbes. Under the change of conditions, such as 
pH, temperature and redox potential (Eh), this 
kind of P may be transformed to bioavailable 
fractions. The rest of P released will be transported 
downwards and ultimately lost from soils by runoff 
or leaching. With the death and decay of plants and 
tissues, P contained in the biomass is returned to 
soils and converted into either bioavailable forms 
or occluded forms by decomposition and 
mineralization. The atmospheric deposition of P 
accounts for a small part of its content in most 
terrestrial ecosystems, while the main source of P is 
rock weathering (Filippelli 2008). 

The P biogeochemical cycle in the mountain 
ecosystem, especially alpine ecosystems, has its 
unique characteristics due to the vertical zonality. 
The remarkable characteristics of the P 
biogeochemical cycle in the mountain ecosystem 
include: 1) runoff which plays a crucial role in P 
transportation and results in quick P loss from 
mountainous soils due to the large elevation 

difference and steep slope; 2) the P sub-cycle (from 
lithosphere to biosphere and then back to the 
pedosphere) which is heterogeneous due to the 
different land covers and zonalities of vegetation 
and soils; 3) a large portion of P stored in biomass 
due to higher forest primary productivity; and 4) 
the decomposition and mineralization of litter 
which provide a significant replenishment of the 
bioavailable P pools in soils. 

2     Mechanisms of P Release by 
Weathering and Evaluation of Release 
Rate 

Atmospheric CO2 dissolved in water forms 
weak carbonic acid which, together with the acid 
released by plant roots and microbes through 
biochemical respiration, attacks P-bearing 
minerals (generally apatites) (Formula 1). This is 
referred to as P-bearing rock weathering. 
Thereafter, P is released from the rock (Schlesinger 
1997) as shown in the following equation: 

Ca5(PO4)3OH+4H2CO3 5Ca2++3HPO42- 

+4HCO3-+H2O      (1) 

Weathering is influenced by several 
environmental and biological factors. The 
environmental factors include temperature, 
precipitation, pH, Eh and so on. The biological 
factors include the changes of pH and Eh induced 
by plant and microbial respiration and secretion, 
and chelation reactions induced by organic acids 
(Harley and Gilkes 2000). A study at a glacial-
interglacial time scale indicated that the global 
dissolved P flux possibly increased 40%-45% 
during the first hundred years of the deglaciation 
phase due to the increasing soil humidity and 
runoff induced by glacier melting with the 
increased temperature (Föllmi et al. 2009). The 
weathering rate in forests was triple that in the 
bare area in the Rocky Mountain National Park, 
Colorado (Arthur and Fahey 1993). Other research 
carried out in North and South America indicated 
that the chemical weathering rate in areas with 
vegetation was 4 to 5 times higher than that in 
areas without vegetation (Benedetti et al. 1994; 
Taylor and Velbel 1991). 

Many studies have been designed to establish a 
quantitative relationship between the rock 
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weathering and the P release rate. However, 
weathering is a time consuming process, which is 
difficult to directly measure the weathering rate 
and P release rate in the field or laboratory. 
Gardner (1990), based on the isovolumetric 
geochemical analysis, estimated the P release rate 
using the export of dissolved silica (Si) in rivers, 
assuming that dissolved P and Si released from 
rocks undergo weathering in the same proportion 
as that in the fresh rock. However, there are two 
major limitations in Gardner’s method. A relatively 
large error might have resulted from varied 
lithology and different weather conditions in a 
relatively large watershed. Moreover, his method 
did not consider interactions between the 
weathered rocks and the upper soil layers. Fillppelli 
and Souch (1999) suggested that the ratio of 

germanium to Si (Ge/Si) was more suitable to 
estimate the P release from rocks in regions where 
chemical weathering was low (for example, in the 
alpine area), since compared to Si, Ge appeared to 
be preferentially fractionated in the solid phase in 
low chemical weathering regimes, and then 
transported to the dissolved phase in areas of 
intense weathering (Filippelli and Souch 1999). 
This method can be applied at the watershed scale 
and glacial-interglacial time scale, while a proper 
sediment core is required to obtain Ge/Si data. 
Walker and Syers (1976), based on four 
chronolosequences in New Zealand, evaluated the 
P weathering rate on the same parent materials 
indicating that P released by weathering could be 
calculated from the decrease in total P and the 
increase of organic P (Newman 1995). Thereafter, 

Figure 1 Schematic representation of the terrestrial P cycle (modified from Buendia et al. 2010) 
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many studies have similarly used 
chronolosequences to predict P loss by weathering 
(Turner et al. 2007; Eger et al. 2011; Poder and 
Hilley 2011). A model, proposed by Hartmann and 
Moodsdorf (2011), combined the factors of spatial 
heterogeneity (such as lithography, runoff, slope, 
and land cover) with hydrochemical data, was used 
to precisely calculate the P release rate at a 
watershed scale. It can also be used to distinguish 
the most significant factors that control chemical 
weathering. The results showed that lithology and 
runoff were two major factors controlling the 
chemical weathering rates. 

3   Physiochemical Processes of P in Soils 

The transportation and transformation of P in 
soils are the result of a series of physiochemical 
processes such as adsorption-desorption, 
precipitation, complexation, leaching, loss from 
runoff and so on (Sparks 2003). These processes 
are influenced directly or indirectly from 
temperature, moisture, parent rocks, 
microtopography, biological effects and global 
changes (such as climate change, acid deposition, 
etc.). Higher soil temperature and moisture, less 
clay contents, and steeper slope cause less 
bioavailable P to be adsorbed onto secondary 
mineral surfaces, and increase the content of 
bioavailable P in soils (Runyan and D'Odorico 
2012). Meanwhile, these conditions also induce an 
increase in P loss. For example, the soil moisture 
changes soil Eh, which is one of the controlling 
factors fundamentally affecting the secondary 
mineral P pools through transformations of Fe 
fractions (Turrion et al. 2008). Organic acid 
excreted by plants and microbes can decrease soil 
pH which also changes Al and Fe fractions, and 
thus increases P bioavailability in soils (Ohno et al. 
2007). 

A study in the Hawaiian montane forest soils 
indicated that redox conditions controlled P pools 
(Miller et al. 2001). The results demonstrated that 
the organic P pools increased, while the inorganic P 
pools decreased with the decreased Eh which was 
induced by increasing rainfalls. The total P in the 
soils declined nearly 2/3 because of increasing 
rainfall and reducing conditions. Another research 
found that the P loss was positively correlated with 

the ionic Fe loss due to decreased Eh (Devau et al. 
2009). In addition, in the European alpine 
ecosystems, Al oxyhydroxides were the major 
controlling factor for the soils to retain phosphate 
(Kana et al. 2011). 

Bioavailable P is mainly adsorbed by Fe oxides, 
gibbsite and clay minerals when the soil is acidic, 
alkaline and neutral, respectively (Devau et al. 
2009). Therefore, the impact of pH on P retention 
and bio-availability in soils can be attributed to its 
effect on Al and Fe oxides. For instance, a decrease 
of pH can increase the mobility of Al hydroxides 
and the solubility of primary mineral P, and then 
release bioavailable P contained to soils (Ohno and 
Amirbahman 2010). Atmospheric deposition of N 
and sulfur (S) may cause the soil acidification, and 
also change the P retention capability of soils 
(Sherman et al. 2006). Additionally, it is also found 
that P bioavailability in the soil layers of 0-80 cm 
significantly increase after an application of 120 kg 
ha-1 of S-SO4 (Skwierawska and Zawartka 2009). 

The uneven vertical allocation of soil P is the 
result of water conditions, lithology of parent rocks 
and biological processes (Brady and Weil 2007). 
There is an argument over which factor controls 
the vertical heterogeneity of P allocation. Some 
researchers indicated that the plant uptake was the 
major factor controlling P vertical allocation in 
soils (Ippolito et al. 2010; Jobbagy and Jackson 
2004). However, others concluded that it was the 
water cycle in soil profiles that control the P 
allocation (Porder and Chadwick 2009). A recent 
study in the Gongga Mountain, Southwest China, 
indicates that the effect of plant uptake on P 
allocation increases with the decreasing elevation 
(Unpublished data). 

The soil age plays a vital role in the soil P 
fractionation, transformation and loss (Walker and 
Syers 1976; Turner et al., 2007; Selmants and Hart 
2010; Eger et al. 2011). Walker and Syers (1976) 
suggested that the stock of P in parent materials 
would become exhausted and P would be gradually 
depleted from the ecosystems through erosion and 
leaching, and then the geochemically “occluded” P 
pools would increase with the soil development. 
However, another study showed that it was the 
leaching rate and secondary minerals which 
determine the P pools and its bioavailability rather 
than the age of soil development (Porder and Hilley 
2011). 
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4     Biological Processes of P 
Biogeochemical Cycle in Mountain 
Ecosystems 

4.1 Interaction between P biogeochemical 
processes and microbes 

Microbes are involved in the P biogeochemical 
cycle through weathering, litter decomposition, 
mineralization and mobilization of non-labile 
phosphate. One of the microbial effects on the P 
biogeochemical cycle is the increase of P 
bioavailability in soils. Microbes release organic 
and/or inorganic acids into soils and other 
metabolites. As a result, the soil pH is changed and 
Al or Ca chelates are formed, which can accelerate 
weathering and block the formation of insoluble 
phosphate (Lian et al. 2008). 

Microbial mass P itself, which constitutes 
20%-30% of total organic P in soils, is an 
important source of bioavailable P (Tate 1988). 
Microbes increase the bioavailability of P in soils, 
and thus promote the P uptake ability of plants. 
Research on Arbuscular mycorrhiza fungi (AMF) 
shows that the AMF’s improvement effect can be 
demonstrated by three aspects: (a) AMF obtains 
carbohydrate from plants, and in turn supplies P 
for plants. When AMF colonizes plant roots and 
forms the symbiosis, lateral hyphae grow from 
roots into soils. The hyphae increase the length and 
surface area of roots. (b)  Faster movement of P 
into mycorrhizal hyphae is achieved by increasing 
the affinity for P ions and by decreasing the 
threshold concentration required for the 
absorption of P. (c) Solubilization of soil P is based 
on the release of organic acids and phosphatase 
enzymes (Bolan 1991; Olander and Vitousek 2004; 
Richardson and Simpson 2011). The exception is 
that AMF competes for P with plants when 
microbial mass C/P ratios are high (Joner et al. 
2000). Acid and/or alkaline phosphatase secreted 
by microbes play an important role in the 
hydrolysis of organic P (Hagerberg et al. 2003; 
Nilsson and Wallander 2003). 

Environmental factors affect microbial 
functions in the P biogeochemical cycle. The 
organic matter content, temperature, soil moisture 
and other conditions control the P mineralization 
rate by microbes. Schmidt et al. (1999) found that 
 

 the net P mineralization and immobilization were 
higher in the heath soil than in the transplanted fell 
field soil. The likely interpretation for this 
observation is that a larger part of labile P in the 
fell field soil is not fixed in the microbial biomass 
but bound with minerals. Grierson et al. (1999) 
found an increase in water potential from -10 kPa 
to -0.1 kPa, which induced KCl-extractable 
inorganic P concentrations increased between 38% 
and 239%, and this depended on the incubation 
temperature and time. An increase in incubation 
temperature from 15℃ to 38℃ increased the KCl-
extractable inorganic P concentrations between 
13% and 53%. The impact of soil temperature and 
moisture on microbial activity is involved in the 
decomposition rate of litter and humus, the 
mortality rate of microbes, the plant P demand, 
and leaching of P from the rooting zone. High soil 
moisture stimulates humus decomposition and 
leaching, and thus accelerates P mineralization. 
Some researchers reported that Al oxides affected 
microbial activity in the P transformation (Runyan 
and D'odorico 2012; Grierson et al. 1999). High Al 
oxide contents probably induced the stabilization 
of soil organic compounds, and then reduced 
microbiological activity and mineralization rates 
(Achat et al. 2012). 

It is well known that the development and 
activity of microbes are mainly limited by C and N 
in natural ecosystems. Microbes are also influenced 
from other nutrients (especially P) during C 
sequestration. Some reports showed that the 
ectomycorrhizal fungi productivity is stimulated by 
apatite addition in the forest soils containing low P, 
while there is no significant effect in the abundant 
P soils (Hagerberg et al. 2003; Nilsson and 
Wallander 2003). Whether P is a limiting nutrient 
for microbe development is usually observed by the 
response of microbes to P application. Research 
showed that when the bioavailable P content was 
lower than 34 mg kg-1, the growth of AMF was 
negatively correlated with the bioavailable P 
content in soils. This indicated that the lower the 
content of soil bioavailable P, the more the roots 
increase AMF activity and promote P 
transformation. Liu et al. (2012) found that 
microbial biomass significantly increased, and the 
microbial community was changed due to a long-
term high N deposition and the shortage of P. 
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4.2 Interaction between P biogeochemical 
processes and plants 

Other than N, P is regarded as the second most 
limiting nutrient in many ecosystems for plant 
growth (Soudzilovskaia et al. 2005; Vitousek et al. 
2010). As an essential component of plant cells, P 
is one of the key elements in enzymes responsible 
for energy storage and transformation, and thus its 
deficiency may threat plant cell integrity (Giesler et 
al. 2012). Research has also indicated that the P 
shortage may decrease the growth rate, 
aboveground biomass, nutrient concentration and 
photosynthetic capacity of plants (Tinker and Nye 
2000; Vance et al. 2003; Hill et al. 2006). However, 
plants in P-limited conditions may inspire many 
adaptive responses to increase P acquisition by 
reprogramming metabolism and restructuring root 
system architecture to maintain a high growth rate 
(Vance et al. 2003; Jain et al. 2007). For example, 
plants in P deficient soils have higher root-cap 
ratios and lower above-ground biomass than the P 
sufficient soils, in order to reduce nutrient loss, 
improve nutrient utilization efficiency, and 
maintain the growth rate. Promoting root growth is 
another common response of plants to P deficiency. 
Research has observed the positive root features 
which include length, surface area, fineness, lateral 
root formation, root hair density (Wissuwa 2003; 
Hill et al. 2006; Lynch and Ho 2005; Hermans et 
al. 2006; Hammond and White 2008), while the 
root diameter decreases (Wissuwa 2003) in low-P 
supply soils. P has also been shown by some 
investigators to be a key element that strongly 
affects the initiation and growth of cluster roots 
(Shane and Lambers 2005; Abdolzadeh et al. 2010). 
By this way, a large root system is formed, which is 
helpful for P uptake, since the diffusion to the root 
surface is the rate-limiting step, especially in high 
P-fixing tropical soils (Gahoonia and Nielsen 2004; 
Louw-Gaume et al. 2010). Secretion of root 
exudates (including acid phosphatases, low-
molecular-weight organic acid, and proton) is 
another typical P shortage response of plants (Sas 
et al. 2001; Vance et al. 2003). George et al. (2006) 
proved that the increased phosphatase activity in 
the rhizosphere was related to the depletion of 
organic P from P-deficient Oxisols, while an 
increase in organic acid secretion was observed in 
many species under P deficient conditions 

(Carvalhais et al. 2011). As a component of 
nucleotides which serve as energy storage within 
cells (ATP) or form the nucleic acids (DNA and 
RNA), P supply may affect plant genetic properties. 
The shortage of P may cause a decrease in the 
quantity of plant seeds, or induce small and low 
germinating rate of seeds. 

Ecologically, P is widely considered to affect 
the ecosystem primary productivity, species 
richness and composition, as well as the ecosystem 
structure and function (Tanner et al. 1998; 
Seastedt 2001). Crews et al. (1995) indicated that it 
was the soil P availability that determined the 
abundance and coverage of the dominant plant 
species in mountainous rain forests in Hawaii. 
Turner (2008) found that soil organic P might 
affect the distribution and co-existence of plant 
species in lowland tropical forests. In an 
ombrotrophic peatland in the Republic of Panama, 
a strong negative relationship between readily-
exchangeable phosphate and tree species diversity 
was observed by Sjögersten et al. (2011). In some 
European forest ecosystems, P was even more 
likely to be the cause of species loss than N 
(Wassen et al. 2005). Moreover, the variation of 
soil P availability has been found to change 
epiphyte community structures in some ecosystems 
(Benner et al. 2007). 

Plants also play an important role in P 
biogeochemical processes. Biogeochemical cycling 
of P in ecosystems is driven by plant nutrient 
uptake and maintained by the sustainable supply of 
soil bioavailable P. Generally, plants absorb 
phosphates from soils, and then binds them into 
organic compounds. Different plant species or a 
plant species in different growth periods have 
different absorption and utilization capacities. 
Lodhiyal and Lodhiyal (2003) found that the 
nutrient uptake was highest in trees, followed by 
shrubs and herbs; P concentrations were lower in 
the younger plant parts than in its old counterparts. 
Due to plant absorption, bioavailable P in soils is 
fixed by plants, and its concentrations follow the 
orders in different plant tissues: reproductive 
parts > leaf > bole bark >branch > bole wood in 
aboveground part, and fine roots > lateral 
roots >stump root in belowground part (Lodhiyal 
and Lodhiyal 2003). In addition, due to plant 
absorption effect, the P concentration gradient is 
observed from plant rhizospheres to bulk soils, 
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which induces soil P transportation from bulk soils 
to rhizospheres. 

Root exudates (including acid phosphatases, 
low-molecular-weight organic acid, and proton) 
secreted by plants are also involved in P 
biogeochemical processes, and are known to play 
an important role in the mobilization of sparingly 
soluble nutrients in the rhizosphere (Vance et al. 
2003; Wang et al. 2008; Carvalhais et al. 2011). 
Extracellular acid phosphatases are responsible for 
the hydrolysis of organic P (Richardson et al. 2005). 
Organic acid from roots is widely considered to 
improve P nutrition by mobilizing sparingly-
available pools of P into the soil solution (Ström et 
al. 2005; Long et al. 2008; Richardson et al. 2011); 
especially, organic acids such as citrate, malate and 
oxalate are likely to be the most common and 
effective root exudates in the mobilization of P 
(Ström et al. 2005). The ions balancing organic 
acid anions released from root cells can change the 
effectiveness of the ligand exchange reactions 
(Richardson et al. 2011). The carbohydrate 
exudates released by plants may also indirectly 
change soil P forms by stimulating germination 
and the growth of mycorrhizal fungi, which are 
known to improve the P availability (Schwab et al. 
1991). 

In addition to the P uptake from soils, plants 
also return P to soils by plant litter, root decay, root 
exudates, trunk runoff and so on, constituting P 
cycling in the plant-soil system. Researchers have 
indicated that plant-returned P was the main 
source of soil bioavailable P in many ecosystems. 
Lodhiyal and Lodhiyal (2003) found that P 
returned by litter in the forest of central Himalaya 
was 5-7 kg P ha-1 yr-1. Although it is still not clear 
about the amount of P returned by root release as 
rhizodeposits, it should be large considering the 
large amounts of C-containing compounds released 
from roots (Dakora and Phillips 2002), which is 
estimated to represent approximately 11% of net 
fixed C and 27% of C allocated to roots (Jones et al. 
2009). 

There is a close interaction between plants and 
soils, which ensure the high use efficiency and low 
loss of P from ecosystems. Until now, the P 
demands of plants, critical threshold for plant P 
limitation, composition of P forms in soils, as well 
as bioavailability of soil P have still been important 

issues in the P biogeochemical cycle in the 
terrestrial ecosystem. 

5   Modeling P Biogeochemical Cycles 

Using models to simulate nutrient 
biogeochemical cycles is an effective approach, 
since field observation and monitoring are often 
difficult and inaccurate. However, models are 
rarely used to describe the terrestrial P 
biogeochemical cycle. Buendia et al. (2010) 
proposed a semi-mechanism model simulating the 
P biogeochemical cycle. This model describes each 
P biogeochemical process in soils using several 
empiric equations, and presents the dynamics of 
five P pools using several ordinary differential 
equations. The model can not only estimate 
different P pools in a steady state in which uplift 
equals erosion, but also calculate the dynamics of 
different P pools in a watershed where a steady 
state does not reach (for example, in a constant 
uplift), and predict when a steady state can be 
reached (Buendia et al. 2010). Meanwhile, the 
model can clarify how tectonic uplift, climate, 
vegetation, and exogenous inputs interact to 
maintain the active P-cycle in the terrestrial 
ecosystem under different hydroclimatic conditions. 
It emphasizes the important influence from 
tectonic uplift on P inputs. By using the model in 
Franz Josef and Hawaiian Chronosequences, the 
tectonic uplift is a fundamental constraint on P 
delimitation in humid ecosystems, and the 
hydroclimatic conditions control the P loss and 
accelerate the formation of the steady state. 
Additionally, the model may be integrated into 
global climate models to provide P pools as input 
data, since it can be implemented with a limited 
number of parameters. 

6  Conclusions and Perspectives 

Mountain ecosystem provides an ideal area to 
integrate geochemical, hydrological, biological and 
ecological processes for comprehensively 
understanding the biogeochemical cycling of P.  
Moreover, research on P biogeochemistry in the 
mountain ecosystem is an important aspect of 
biogeochemistry, ecology, biology, environmental 
sciences and global changes. The mountain 
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ecosystem, sensitive to global change, is a unique 
terrestrial unit and plays a vital role in 
environmental change in lowland aquatic systems. 
Its development is limited by the P bioavailability. 
However, former research on the biogeochemical 
cycling of P was mainly carried out in the forest, 
grassland, agriculture land, aquatic region and 
even in the laboratory. A lot of research has been 
performed focusing on weathering and P release, P 
fraction transformation and bioavailability, 
interaction between the P biogeochemical cycle and 
microbes and plants, as well as model development 
for accurate simulation of the P biogeochemical 
cycle. Particular research in mountain ecosystem 
has seldom been reported. 

Most of earlier research was aimed at specific 
processes in the P biogeochemical cycle, such as 
weathering, microbial and plant functions and 
feedbacks. However, there still exist some 
arguments even over the basic approaches. For 
example, how can we accurately estimate P release 
by rock weathering? The weathering rate of apatite 
is quite different from that of silicate minerals, and 
thus it would be misleading to use the P/Si ratio to 
assess the P release rate. It is necessary to integrate 
all aspects and researches on soils, microbes, 

plants and even water bodies to obtain a 
comprehensive understanding of the P 
biogeochemical cycle in the mountain ecosystem. A 
practical biogeochemical model needs to be 
developed to predict the impact of P 
biogeochemical cycle on ecological evolution in 
mountain regions and on the environmental 
changes in lowland aquatic systems. The model 
should concern more aspects about the P 
biogeochemical cycle and combine with other 
distributed models, such as the distributed 
hydrological model to improve its accuracy and 
reliability in modeling P biogeochemical processes. 

Acknowledgement 

This work is funded by Chinese Academy of 
Sciences (Grant Nos. KZCX2-YW-BR-21 and 
KZZD-EW-TZ-06) and Natural Science Foundation 
of China (Grant No. 41272200). Prof. Jörg Pritzel 
from Munich Technology University, Germany and 
Prof. Wolfgang Wilcke from Bern University, 
Switzerland are greatly appreciated for their 
helpful suggestions and comments. 

References    

Abdolzadeh A, Wang X, Veneklaas EJ, et al. (2010) Effects of 
phosphorus supply on growth, phosphate concentration and 
cluster-root formation in three Lupinus species. Annals of 
Botany 105: 365-374. 

Achat DL, Augusto L, Bakker MR, et al. (2012) Microbial 
processes controlling P availability in forest spodosols as 
affected by soil depth and soil properties. Soil Biology & 
Biochemistry 44: 39-48. 

Arthur MA, Fahey TJ (1993) Controls on soil solution chemistry 
in a sub-alpine forest in North-Central Colorado. Soil Science 
Society of America Journal 57: 1122-1130. 

Benedetti MF, Menard O, Noack Y, et al. (1994) Water-rock 
interactions in tropical catchments-field rates of weathering 
and biomass impact. Chemical Geology 118: 203-220. 

Benner JW, Vitousek PM (2007) Development of a diverse 
epiphyte community in response to phosphorus fertilization. 
Ecology Letters 10: 628-636. 

Bolan NS (1991) A critical-review on the role of mycorrhizal 
fungi in the uptake of phosphorus by plants. Plant & Soil 
134:189-207. 

Bowman WD (1994) Accumulation and use of nitrogen and 
phosphorus following fertilization in 2 alpine tundra 
communities. Oikos 70: 261-270. 

Brady NC, Weil RR (2007) The Nature and Properties of Soils, 
14th edition. Prentice Hall, New Jersey, pp 980. 

Buendia C, Kleidon A, Porporato A (2010) The role of tectonic 
uplift, climate, and vegetation in the long-term terrestrial 

phosphorous cycle. Biogeosciences 7: 2025-2038. 
Carvalhais LC, Dennis PG, Fedoseyenko D, et al. (2011) Root 

exudation of sugars, amino acids, and organic acids by maize 
as affected by nitrogen, phosphorus, potassium, and iron 
deficiency. Journal of Plant Nutrient & Soil Scences 174: 3-11. 

Crews TE, Farrington H, Vitousek PM (2000) Changes in 
asymbiotic, heterotrophic nitrogen fixation on leaf litter of 
Metrosideros polymorpha with long-term ecosystem 
development in Hawaii. Ecosystems 3: 386-395. 

Crews TE, Kitayama K, Fownes JH, et al. (1995) Changes in soil 
phosphorus fractions and ecosystem dynamics across a long 
chronosequence in Hawaii. Ecology 76: 1407-1424. 

Dakora FD, Phillips DA (2002) Root exudates as mediators of 
mineral acquisition in low-nutrient environments. Plant & 
Soil 245: 35-47. 

Herbert DA, Fownes JH (1995) Phosphorus limitation of forest 
leaf area and net primary production on a highly weathered 
soil. Biogeochemistry 29(3): 223-235. 

De Schrijver A, De Frenne P, Ampoorter E, et al. (2011) 
Cumulative nitrogen input drives species loss in terrestrial 
ecosystems. Global Ecology & Biogeography 20: 803-816. 

Devau N, Le Cadre E, Hinsinger P, et al. (2009) Soil pH controls 
the environmental availability of phosphorus: experimental 
and mechanistic modelling approaches. Applied 
Geochemistry 24: 2163-2174. 

Filippelli GM (2008) The global phosphorus cycle: past, present, 
and future. Elements 4: 89-95. 



J. Mt. Sci. (2013) 10: 43–53 
 

 52

Filippelli GM, Souch C (1999) Effects of climate and landscape 
development on the terrestrial phosphorus cycle. Geology 27: 
171-174. 

Föllmi KB, Hosein R, Arn K, et al. (2009) Weathering and the 
mobility of phosphorus in the catchments and forefields of the 
Rhone and Oberaar glaciers, central Switzerland: implications 
for the global phosphorus cycle on glacial-interglacial 
timescales. Geochimica & Cosmochimica Acta 73: 2252-2282. 

Gahoonia TS, Nielsen NE (2004) Barley genotypes with long 
root hairs sustain high grain yields in low-P field. Plant & Soil 
262: 55-62. 

Galloway JN, Dentener FJ, Capone DG, et al. (2004) Nitrogen 
cycles: past, present, and future. Biogeochemistry 70: 153-226. 

Gardner LR (1990) The role of rock weathering in the 
phosphorus budget of terrestrial watersheds. Biogeochemistry 
11: 97-110. 

George TS, Turner BL, Gregory PJ, et al. (2006) Depletion of 
organic phosphorus from Oxisols in relation to phosphatase 
activities in the rhizosphere. European Journal of Soil Science 
57: 47-57. 

Giesler R, Esberg C, Lagerström A, et al. (2012) Phosphorus 
availability and microbial respiration across different tundra 
vegetation types. Biogeochemistry 108: 429-445. 

Grierson PF, Comerford NB, Jokela EJ (1999) Phosphorus 
mineralization and microbial biomass in a Florida Spodosol: 
effects of water potential, temperature and fertilizer 
application. Biology & Fertility of Soils 28: 244-252. 

Hagerberg D, Thelin G, Wallander H (2003) The production of 
ectomycorrhizal mycelium in forests: relation between forest 
nutrient status and local mineral sources. Plant & Soil 252: 
279-290. 

Hammond JP, White PJ (2008) Sucrose transport in the 
phloem: integrating root responses to phosphorus starvation. 
Journal of Experimental Botany 59: 93-109. 

Harley AD, Gilkes RJ (2000) Factors influencing the release of 
plant nutrient elements from silicate rock powders: a 
geochemical overview. Nutrient Cycling in Agroecosystems 56: 
11-36. 

Hartmann J, Moosdorf N (2011) Chemical weathering rates of 
silicate-dominated lithological classes and associated 
liberation rates of phosphorus on the Japanese Archipelago-
implications for global scale analysis. Chemical Geology 287: 
125-157. 

Hermans C, Hammond JP, White PJ, et al. (2006) How do 
plants respond to nutrient shortage by biomass allocation. 
Trends in Plant Science 11: 610-617. 

Hill JO, Simpson RJ, Moore AD, et al. (2006) Morphology and 
response of roots of pasture species to phosphorus and 
nitrogen nutrition. Plant & Soil 286: 7-19. 

Ippolito JA, Blecker SW, Freeman CL, et al. (2010) Phosphorus 
biogeochemistry across a precipitation gradient in grasslands 
of central North America. Journal of Arid Environments 74: 
954-961. 

Jain A, Vasconcelos MJ, Raghothama KG, et al. (2007) 
Molecular mechanisms of plant adaptation to phosphate 
deficiency. Plant Breed Rev 29: 359-419. 

Jared LD, Lindsay GS (2010) Available organic soil phosphorus 
has an important influence on microbial community 
composition. Soil Biology & Biochemistry 74: 2059-2066. 

Jobbagy EG, Jackson RB (2001) The distribution of soil 
nutrients with depth: global patterns and the imprint of 
plants. Biogeochemistry 53: 51-77. 

Joner EJ, Van Aarle IM, Vosatka M (2000) Phosphatase activity 
of extra-radical arbuscular mycorrhizal hyphae: a review. 
Plant & Soil 226: 199-210. 

Jones DL, Nguyen C, Finlay RD (2009) Carbon flow in the 
rhizosphere: carbon trading at the soil-root interface. Plant & 
Soil 321: 5-33. 

Kana J, Kopacek J, Camarero L, et al. (2011) Phosphate sorption 
characteristics of European alpine soils. Soil Science Society 
of America Journal 75: 862-870. 

Kitayama K, Aiba SI (2002) Ecosystem structure and 

productivity of tropical rain forests along altitudinal gradients 
with contrasting soil phosphorus pools on Mount Kinabalu, 
Borneo. Journal of Ecology 90: 37-51. 

Korner C (1998) A re-assessment of high elevation treeline 
positions and their explanation. Oecologia 115: 445-459. 

Kunito T, Tsunekawa M, Yoshida S, et al. (2012) Soil properties 
affecting phosphorus forms and phosphatase activities in 
Japanese forest soils: soil microorganisms may be limited by 
phosphorus. Soil Science 177(1): 39-46. 

Li X, Xiong SF (1995) Vegetation primary succession on glacial 
foreland in Hailuogou, Mt. Gongga. Mountain Research 12: 
109-115. 

Lian B, Chen Y, Zhu L, et al. (2008) Progress in the study of the 
weathering of carbonate rock by microbes. Earth Science 
Frontiers 90-99. 

Liu L, Gundersen P, Zhang T, et al. (2012) Effects of phosphorus 
addition on soil microbial and community composition in 
three forest types in tropical China. Soil Biology & 
Biochemistry 44: 31-38. 

Lodhiyal N, Lodhiyal L (2003) Aspects of nutrient cycling and 
nutrient use pattern of Bhabar Shisham forest in central 
Himalaya, India. Forest Ecology & Management 176: 237-252. 

Long MH, McGlathery KJ, Zieman JC, et al. (2008) The role of 
organic acid exudates in liberating phosphorus from seagrass-
vegetated carbonate sediments. Limnology & Oceanography 
53(6): 2616-2626. 

Louw-Gaume AE, Rao IM, Gaume AJ, et al. (2010) A 
comparative study on plant growth and root plasticity 
responses of two Brachiaria forage grasses grown in nutrient 
solution at low and high phosphorus supply. Plant & Soil 328: 
155-164. 

Lynch JP, Ho MD (2005) Rhizoeconomics: carbon costs of 
phosphorus acquisition. Plant & Soil 269: 45-56. 

Menge JA, Jarrell WM, Labanauskas CK, et al. (1982) Predicting 
mycorrhizal dependency of troyer citrange on Glomus 
fasciculatus in California citrus soils and nursery mixes. Soil 
Science Society of America Journal 46(4): 762-768. 

Miller AJ, Schuur EG, Chadwick OA (2001) Redox control of 
phosphorus pools in Hawaiian montane forest soils. 
Geoderma 102: 219-237. 

Nilsson LO, Wallander H (2003) Production of external 
mycelium by ectomycorrhizal fungi in a Norway spruce forest 
was reduced in response to nitrogen fertilization. New 
Phytologist 158: 409-416. 

Ohno T, Amirbahman A (2010) Phosphorus availability in 
boreal forest soils: a geochemical and nutrient uptake 
modeling approach. Geoderma 155: 46-54. 

Ohno T, Fernandez IJ, Hiradate S, et al. (2007) Effects of soil 
acidification and forest type on water soluble soil organic 
matter properties. Geoderma 140: 176-187. 

Olander LP, Vitousek PM (2004) Biological and geochemical 
sinks for phosphorus in soil from wet tropical forest. 
Ecosystems 7: 404-419. 

Porder S, Chadwick OA (2009) Climate and soil-age constraints 
on nutrient uplift and retention by plants. Ecology 90: 623-
636. 

Porder S, Hilley GE (2011) Linking chronosequences with the 
rest of the world: predicting soil phosphorus content in 
denuding landscapes. Biogeochemistry 102: 153-166. 

Raymo ME, Ruddiman WF, Froelich PN (1988) Influence of late 
cenozoic mountain building on ocean geochemical cycles. 
Geology 16: 649-653. 

Richardson AE, George TS, Hens M, et al. (2005) Utilization of 
soil organic phosphorus by higher plants. In: Turner BL, 
Frossard E, Baldwin D (eds) organic phosphorus in the 
environment. CABI Publishing, Wallington, pp 165-184. 

Richardson AE, Lynch JP, Ryan PR, et al. (2011) Plant and 
microbial strategies to improve the phosphorus efficiency of 
agriculture. Plant & Soil 349: 121-156. 

Richardson AE, Simpson RJ (2011) Soil microorganisms 
mediating phosphorus availability. Plant Physiology 156: 989-
996. 



J. Mt. Sci. (2013) 10: 43–53 
 

 53

Richardson SJ, Peltzer DA, Allen RB, et al. (2004) Rapid 
development of phosphorus limitation in temperate rainforest 
along the Franz Josef soil chronosequence. Oecologia 139: 
267-276. 

Roem WJ, Klees H, Berendse F (2002) Effects of nutrient 
addition and acidification on plant species diversity and seed 
germination in heathland. Journal of Applied Ecology 39: 
937-948. 

Runyan CW, D'odorico P (2012) Hydrologic controls on 
phosphorus dynamics: A modeling framework. Advances in 
Water Resources 35: 94-109. 

Runyan CW, D'odorico P (2012) Hydrologic controls on 
phosphorus dynamics: A modeling framework. Advances in 
Water Resources 35: 94-109. 

Sala OE, Chapin FS, Armesto JJ, et al. (2000) Biodiversity----
global biodiversity scenarios for the year 2100. Science 287: 
1770-1774. 

Sas L, Rengel Z, Tang C (2001) Excess cation uptake, and 
extrusion of protons and organic acid anions by Lupinus albus 
under phosphorus deficiency. Plant Science 160: 1191-1198. 

Schlesinger WH (1997) Biogeochemistry: an analysis of global 
change, 2nd edition. Academic Press, San Diego, pp 588. 

Schmidt I K, Jonasson S, Michelsen A (1999) Mineralization 
and microbial immobilization of N and P in arctic soils in 
relation to season, temperature and nutrient amendment. 
Applied Soil Ecology 11: 147-160. 

Schwab, SM, Menge, JA, Tinker, PB (1991) Regulation of 
nutrient transfer between host and fungus in vesicular 
arbuscular mycorrhizas. New Phytologist 117: 387-398. 

Seastedt TR, Vaccaro L (2001) Plant species richness, 
productivity, and nitrogen and phosphorus limitations across 
a snowpack gradient in Alpine Tundra, Colorado, USA. Arctic 
Antarctic & Alpine Research 33: 100-106. 

Selmants PC, Hart SC (2010) Phosphorus and soil development: 
Does the Walker and Syers model apply to semiarid 
ecosystems? Ecology 91: 474-484. 

Shane MW, Lambers H (2005) Cluster roots: a curiosity in 
context. Plant & Soil 274: 101-125. 

Sherman J, Fernandez IJ, Norton SA, et al. (2006) Soil 
aluminum, iron, and phosphorus dynamics in response to 
long-term experimental nitrogen and sulfur additions at the 
bear brook watershed in Maine, USA. Environmental 
Monitoring & Assessment 121: 421-429. 

Sjögersten S, Cheesman AW, Lopez O, et al. (2011) 
Biogeochemical processes along a nutrient gradient in a 
tropical ombrotrophic peatland. Biogeochemistry 104: 147-
163. 

Skwierawska M, Zawartka L (2009) Effect of different rates and 
forms of sulphur on content of available phosphorus in soil. 
Journal of Elementology 14: 795-803. 

Smil V (2000) Phosphorus in the environment: natural flows 
and human interferences. Annual Review of Energy & the 
Environment 25: 53-88. 

Smith VH (2003) Eutrophication of freshwater and coastal 
marine ecosystems----A global problem. Environmental 
Science & Pollution Research 10: 126-139. 

Soudzilovskaia NA, Onipchenko VG, Cornelissen JHC, et al. 
(2005) Biomass production, N:P ratio and nutrient limitation 
in a Caucasian alpine tundra plant community. International 
Association of Vegetation Science 16(4): 399-406. 

Sparks DL (2003) Environmental soil chemistry, 2nd edition. 

Academic Press, San Diego, pp 352. 
Sterner PW, Elser JJ (2002) Ecological stoichiometry. Princeton 

University Press, USA. 
Ström L, Owen AG, Godbold DL, et al. (2005) Organic acid 

behavior in a calcareous soil: implications for rhizosphere 
nutrient cycling. Soil Biology & Biochemistry 37: 2046-2054. 

Tanner, EVJ, Vitousek PM, Cuevas E (1998) Experimental 
investigation of nutrient limitation of forest growth on wet 
tropical mountains. Ecology 79: 10-22. 

Tate KR (1984) The biological transformation of P in soil. Plant 
& Soil 76: 245-256. 

Taylor AB, Velbel MA (1991) Geochemical mass balances and 
weathering rates in forested watersheds of the southern blue 
ridge Ⅱ. Effects of botanical uptake terms. Geoderma 51: 29-
50. 

Tian H, Chen G, Zhang C, et al. (2010) Pattern and variation of 
C:N:P ratios in China's soils: a synthesis of observational data. 
Biogeochemistry 98: 139-151. 

Tiessen H (2008) Phosphorus in the global environment. In: 
Plant Ecophysiology-Series, Springer-Verlag, pp 1-7. 

Tiessen H, Ballester MV, Salcedo I (2011) Phosphorus and 
Global Change. In: Phosphorus in Action: Biological 
Processes in Soil Phosphorus Cycling: Springer-Verlag Berlin, 
Heidelberger Platz 3, D-14197 Berlin, Germany. pp 459-471. 

Tinker PB, Nye PH (2000) Solute movement in the rhizosphere. 
Oxford University Press, Oxford. 

Turner BL (2008) Resource partitioning for soil phosphorus: a 
hypothesis. Journal of Ecology 96: 698-702. 

Turrion MB, Schneider K, Gallardo JF (2008) Soil P availability 
along a catena located at the Sierra de Gata Mountains, 
Western Central Spain. Forest Ecology & Management 255: 
3254-3262. 

Vance CP, Uhde-Stone C, Allan DL (2003) Phosphorus 
acquisition and use: critical adaptations by plants forsecuring 
a nonrenewable resource. New Phytologist 157: 423-447. 

Vance E D, Chapin F S (2001) Substrate limitations to microbial 
activity in taiga forest floors. Soil Biology & Biochemistry 
33:173-188 

Vitousek PM, Porder S, Houlton BZ, et al. (2010) Terrestrial 
phosphorus limitation: mechanisms, implications, and 
nitrogen-phosphorus interactions. Ecological Applications 20: 
5-15. 

Walker TW, Syers JK (1976) The fate of phosphorus during 
pedogenesis. Geoderma 15:1-19. 

Wang X, Tang C, Guppy CN, et al. (2008) Phosphorus 
acquisition characteristics of cotton (Gossypium hirsutum L.), 
wheat (Triticum aestivum L.) and white lupin (Lupinus albus 
L.) under P deficient conditions. Plant & Soil 312: 117-128. 

Wardle DA, Walker LR, Bardgett RD (2004) Ecosystem 
properties and forest decline in contrasting long-term 
chronosequences. Science 305: 509-513. 

Wassen MJ, Venterink HO, Lapshina ED, et al. (2005) 
Endangered plants persist under phosphorus limitation. 
Nature 437: 547-550. 

Wissuwa M (2003) How do plants achieve tolerance to 
phosphorus deficiency? Small causes with big effects. Plant 
Physiology 133: 1947-1958. 

Zhong XH, Zhang WJ, Luo J (1999) The characteristics of the 
mountain ecosystem and environment in the Gongga 
Mountain region. Ambio 28: 648-654. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


