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Abstract 

This research investigates the potential for hydrologically-influenced feedbacks 

between phosphorus and vegetation to induce ecosystem state changes in dry tropical 

forests. Since many of these forests are phosphorus (P) limited, any disturbance that 

influences available P may directly impact vegetation (V). I hypothesized that vegetation 

also influences P-cycling, and that P-V feedbacks lead to reduced resiliency and state 

changes in dry tropical forests, especially when disturbed. 

 I designed a model to explore the interactions between P and V dynamics in 

tropical forests.  Using published data to define the relationships between P and V, I 

determined that feedbacks in these systems (i.e., the role of vegetation in “trapping” P 

deposition) could be sufficient to induce state shifts. Based on this result, I investigated 

three regions of P-cycling where I expected to find hydrologically-influenced P-V 

feedbacks: deposition, leaching, and soil P bioavailability.  Associated studies were 

primarily undertaken in the Mexican dry forest of the Southern Yucatan Peninsular 

Region.   

I found that: 1) throughfall [P] was significantly higher in old forests than in 

young forests after a dry period, supporting the idea that greater plant area in old forests 

makes them more efficient at “trapping” deposition.  However, collection time and storm 

size also affected throughfall [P]. 2) Deep leachate [P] decreased with increasing forest 

age, suggesting that old forests lose less P via leachate.  There was also a significant 

negative relationship between forest age and the difference between deep and shallow 

leachate [P); leachate [P] may decrease down the soil profile in old forests, implying that 

these forests are highly efficient at conserving P. 3) Soil P bioavailability increased with 
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moisture and was strongly pulsed after re-wetting dried soils. Wet-dry pulses may 

become more common with reduced canopy cover (e.g., less shading) or climate change; 

plants may be inefficient at conserving strongly pulsed P, increasing the risk for P losses 

under these conditions.  

This research demonstrates the complex relationships and feedbacks between 

phosphorus and vegetation that exist in dry tropical forests, especially with regards to 

deposition, leaching, and soil P bioavailability. There has been evidence that some areas 

that were formerly dry tropical forest have permanently shifted to regimes of savannas, 

woodlands, and grasslands.  Hydrologically-influenced P-V feedbacks may help to 

explain these changes and similar ecosystem state shifts in the future.  
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INTRODUCTION 

Dry forests make up a large percentage of tropical forests (Murphy and Lugo 

1986), but these areas may be highly vulnerable to disturbance. It has been hypothesized 

that many savanna, woodland, and grassland areas originated from disturbed dry tropical 

forests (Murphy and Lugo 1986). Similarly, in cases where highly disturbed areas are re-

converted to dry tropical forests, vegetation has been shown to differ from the original 

forest cover (ITTO 2002). This finding suggests that these forests may be prone to 

ecosystem state shifts. Despite the potential implications of increasing disturbances to dry 

tropical forests, these systems remain understudied (Murphy and Lugo 1986, Read and 

Lawrence 2006). 

Disturbances to dry tropical forests are primarily related to either land-use change 

or climate. Dry tropical regions are especially targeted for deforestation since they tend to 

be favorable locations for development (Murphy and Lugo 1986, Trejo and Dirzo 2000).  

Also, these areas are strongly seasonal and are exposed to severe tropical storms, which 

are capable of removing canopy cover and changing the forest structure. The frequency 

and intensity of these storms may be impacted by climate change.  Changes in climate 

that alter the quantity or temporal pattern of rainfall may also affect forests by impacting 

water and nutrient cycling. Models from the Hadley Center predict lower annual rainfall 

and increasing seasonality in the tropics over the next fifty years (available online: 

http://www.metoffice.com/research/hadleycentre/models/modeldata.html, version current 

on 10 October 2005). 

 In many tropical forests, phosphorus (P) has been identified as the most limiting 

nutrient to plant growth (Vitousek 1984, Sarmiento 1984, Cleveland et al. 2002), 
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suggesting that the consequences of disturbance may be intimately tied to P-cycling.  P 

limitations in these forests are typically associated with highly weathered soils that are 

depleted of mineral-P and low in non-occluded, inorganic-P (Walker and Syers 1976, 

Vitousek and Sanford 1986). By necessity, these forests are sustained in the short term by 

the mineralization of organic-P (Walker and Syers 1976) and the minimization of P 

losses via “tight” nutrient cycling.  Efficient cycling may involve things such as the 

protection of P in biomass (e.g., storage, retranslocation) (Lambert et al. 1980, Vitousek 

and Sanford 1986), mycorrhizal fungi (Sarmiento 1984, Vitousek and Sanford 1986, 

Siquiera and Saggin-Junior 2001), or dense fine root mats that rapidly recapture P (e.g., 

Sarmiento 1984).  Despite efficient cycling, however, some losses of P are unavoidable 

due to leaching (Brujinzeel 1991), occlusion (Walker and Syers 1976, Lawrence and 

Schlesinger 2001), and erosion (Vitousek and Sanford 1986). Thus, in the long-term, 

vegetation is also dependent on atmospheric inputs (e.g., rainfall, dust, or fog) that 

contribute to the plant-available P supply and offset P-outputs (Crews et al. 1995, 

Chadwick et al. 1999).    

Since vegetation (V) is clearly dependent on P, an additional dependence of P on 

V could constitute a feedback loop in these systems. Tight P cycling in old tropical 

forests suggests that these forests may develop some control over the amount of P 

available to them. Although old tropical forests may have reached a state where P-inputs 

roughly equal losses (Walker and Syers 1976), disturbances could upset this balance.  

Changes in land-use or climate might affect both the amount of P inputs and outputs to 

the system (Tiessen 1995). Since mechanisms that conserve P develop over time, young 

or recently disturbed vegetation may be particularly vulnerable to nutrient losses. 
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Similarly, rates of soil P “bioavailability” – referring to the release of P in the soils that is 

available for use by plants, organisms, and leaching losses - may be dependent on soil 

moisture and wetting-drying patterns (Lodge et al. 1994), both of which could be altered 

by disturbance.  Feedbacks in plant communities may be capable of reducing the 

resiliency of certain vegetation states and are, in general, suggestive of multiple stable 

states (Scheffer et al. 2001).  Despite increasing disturbances to dry tropical forests, 

studies that focus on the interaction between P-cycling and vegetation are lacking 

(Murphy and Lugo 1986, Read and Lawrence 2006).   

RESEARCH OBJECTIVES AND MAJOR HYPOTHESES 

The purpose of this research was to investigate hydrologically-influenced 

feedbacks in disturbed dry tropical forests. Many of these forests are strongly limited by 

P (Vitousek 1984), suggesting that disturbance may affect P-dynamics. Dry tropical 

forests have relatively lower annual rainfall than other tropical forests and may have a 

greater dependency upon dust and fog as a source of P inputs. Similarly, the nutrient 

dynamics of these forests could be influenced by shifting hydrologic conditions (e.g., 

wet-dry pulses) that are less relevant in consistently wetter forests (Lodge et al. 1994, 

Campo 1998, Grierson et al. 1998).  Finally, young disturbed forests may be more 

vulnerable than undisturbed, mature forests since nutrients may be less efficiently cycled 

and poorly conserved (Vitousek 1984). The following research investigates how 

interactions between P and vegetation (V) may affect the resiliency (i.e., the ability to 

fully recover from disturbances) of these systems. 

I addressed the above ideas by exploring the effects of disturbance on three parts 

of the P-cycle where I expected to find hydrologically-influenced P-V feedbacks: 
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deposition, leaching, and soil phosphorus availability.  The rationale and specific 

hypotheses are detailed below.  

In general, feedbacks between phosphorus and vegetation exist in dry tropical  

forests and could lead to a loss of resiliency in these systems, especially in light of 

disturbance.  I hypothesized that under some circumstances, these feedbacks are capable 

of inducing state shifts from dry tropical forests to other ecosystems. 

Atmospheric deposition is an important source of P in dry tropical forests of  

all ages.  I hypothesized that under forested canopies, inputs from canopy deposition will 

enhance the phosphorus concentration in the rainfall.  Denser canopies “trap” the most 

deposition and have the largest P-input, whereas younger/disturbed forests may receive 

the least deposited-P.  

There may be significant phosphorus losses through leachate in dry tropical  

forests.  I hypothesized that losses are greater in young secondary forest stands than in 

older, mature forests.  Greater losses in disturbed forests imply critical losses of P that 

equate to a loss of resiliency. 

Changes in seasonality and other disturbances may affect the intensity of wet- 

dry cycles (i.e., by affecting canopy shading and soil moisture) in dry tropical forests. I 

hypothesized that strong moisture pulses may lead to pulses in P-bioavailability. Strongly 

pulsed soil-P bioavailability may not be synchronized with plant uptake rates, suggesting 

that these pulses may lead to net losses of P.  

SOUTHERN YUCATAN PENINSULAR REGION 

Most of the research in this thesis, including studies of deposition, leaching, and 

soil P bioavailability, was undertaken in the seasonally dry Mexican forests in the 
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Southern Yucatan Peninsular Region (SYPR) (see Figure 1). The forests in this area 

appear to be P-limited (Lawrence and Foster 2002), are experiencing extensive land-use 

change (Turner et al. 2001), have highly variable inter-and intra-annual rainfall 

(Lawrence and Foster 2002), and are susceptible to large tropical storms. The ejidos 

(farming communities) of Zoh Laguna and El Refugio (18°49’N, 89°23’W; mean 

elevation: 250 m) are centers of land-use change and conservation efforts and have 

already been the focus of much ecological research.  

The SYPR is a karstic landscape with rolling hills reaching elevations of 300 

meters above sea level (Turner et al. 2001). Vegetation is primarily well-drained upland 

medium forest, bosque mediano, and low seasonal wetlands, bajos. These two classes of 

vegetation are found on distinct soil types; redzinols (mollisols) are found in the uplands 

and deep gleysols (vertisols) are in the lowlands (Turner et al. 2001). Redzinols are the 

calcareous soil type commonly formed above limestone parent material, whereas gleysols 

are swelling clays. This study focuses on the vegetation and soils of the dominant bosque 

mediano uplands, frequently used for agriculture.  

Intensive land-use change in the SYPR, especially in the form of slash-and-burn 

techniques, made this area a “hot spot” of tropical deforestation by the 1960’s (Turner et 

al. 2001).  Although Mayan presence prior to 1000 AD and selective logging during the 

early 1900’s have also influenced the SYPR, more recent developmental pressures have 

led to the degradation of 10 % of the region’s forests (Turner et al. 2001). Population 

growth of 4 % per year and developmental trends suggest that land pressures will 

continue (Turner et al. 2001).  In opposition to the momentum towards deforestation and 

conversion to agriculture, however, is Calakmul - the largest Mexican Biosphere Reserve.  
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The juxtaposition of agriculturally based communities with a conservation 

initiative has created an integrated patchwork of deforested agricultural parcels and 

forested areas.  The forest stands include both acahual and montaña.  Acahual are young, 

secondary forests (usually re-growth after slash-and-burn) and generally under 25 years 

old.  Montaña are mature forests that are greater than 40 years old and typically much 

older, although they may have been logged within the last 100 years. Such variety in 

land-uses over relatively small areas facilitates the analysis of the interplay between 

vegetation, nutrient cycling, hydrology, and the effects of disturbance. 

Figure 1. Location of field site on Yucatan Peninsula. 

 

Climate in the SYPR study site  

Rainfall is highly variable both inter- and intra-annually throughout the SYPR and 

ranges between 900-1400 mm, with a dry season (< 50 mm/month) occurring for 3 to 7 

months between November and May (Lawrence and Foster 2002). Zoh Laguna and El 

Refugio lie at the lower end of this range, averaging around 900 mm rainfall per year 

(Lawrence and Foster 2002). The combined effect of high evapotranspiration and the 

karstic landscape keep surface water to a minimum and ground water to depths below 
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200 m (Turner et al. 2001).  Surface water that does appear is found primarily above the 

swelling, lowland clay soils. 

Rainfall data were collected daily from March 2005 through June 2006 from rain 

gauges that were installed in open areas, one-meter above ground, near the field sites in 

El Refugio and Zoh Laguna .  The records for El Refugio go through July 6, 2006, and 

those from Zoh Laguna go through July 31, 2005 (see Appendix, Table 1). Although in 

most cases the gauges were monitored manually on a daily basis (typically in the morning 

in Zoh Laguna and the evening in El Refugio), there were some instances in which 

rainfall was not measured until a few days after a storm.  Thus, these records are likely an 

underestimate of total rainfall. 

 Although Zoh Laguna and El Refugio are only 20 km apart, significantly more 

rainfall was recorded in Zoh Laguna (1195 mm versus 919 mm in El Refugio) during the 

period from March 2005 through May 2006 (Figure 2).  Since storms are small and move 

rapidly in this region, it is probable that some of this variation in measured rainfall 

reflects real differences in rainfall at these sites.  On the other hand, late-night 

measurements in El Refugio likely increased the amount of evaporation from the gauge 

prior to measurement, leading to underestimates of actual rainfall.  Also, while the Zoh 

Laguna rain gauge was monitored by several people at the Calakmul Biosphere Reserve 

field office, only one person was responsible for taking measurements in El Refugio.  

A 16-year rainfall record (1982-1998) from past monitoring in Zoh Laguna was 

available (from the Instituto Nacional de Estadística Geografía e Informática (INEGI), 

Mexico), and a 17-year average (including 2005-2006) was calculated as a means to 

compare this field season with previous years (see Figures 2 and 3). During the year from 



 

 

8 

March 2005 through February 2006, Zoh Laguna received slightly more than its average 

rainfall. More specifically, the wet season appears to have been a bit wetter than average 

whereas dry season months typically received less than average rainfall bit. However, 

considering the strong inter- and intra-annual variability of rainfall in this region (i.e., see 

error bars in Figure 3), these records do not seem to be out of the ordinary. 

Figure 2: Total rainfall in the SYPR study sites in 2005-2006. 

Total annual rainfall recorded in Zoh Laguna and El Refugio from May 2005 to May  
2006 as compared to the average annual rainfall of Zoh Laguna (n=17 years of data, bars  
show the standard deviation). Total cumulative rainfall during the 15-month study for  
both sites is also shown. Zoh Laguna had above average rainfall during the time of this  
study.  El Refugio reported less total rainfall than Zoh Laguna.  
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Figure 3: Monthly rainfall in the SYPR study sites in 2005-2006 

Monthly rainfall recorded in Zoh Laguna and El Refugio from May 2005 through June  
2006 as compared to the average annual rainfall of Zoh Laguna (n=17 years of data, bars  
show the standard deviation). Zoh Laguna reported more monthly rainfall than El  
Refugio in most months. During this period, Zoh Laguna had above average rainfall  
during most wet season months and below average rainfall during the dry season. 
 

 

 Notably above-average rainfall was reported for the month of October 2005 in 

Zoh Laguna.  Much of this excess rainfall could have been due to the effects of Hurricane 

Wilma, a category 5 tropical storm that hit much of the Yucatan coast.  The SYPR region 

was not severely affected by this storm, however, and Zoh Laguna reported a total of 

only 25.2 mm rainfall two days after the storm made landfall.  Although this was a large 

storm, it was not extreme, and many larger storms can be found in the rain record.  There 

was surprisingly little rainfall reported for El Refugio during this time. 



 

 

10 

P DEPOSITION AND MODELING CANOPY FEEDBACKS  

In strongly P-limited tropical forests, vegetation is sustained in the long-term by 

atmospheric inputs (rainfall, dust, or fog) that contribute to the plant-available P supply 

(Crews et al. 1995, Chadwick et al. 1999) (Figure 4). Tropical forests receive an average 

of 0.07-1.7 kg P ha-1 yr-1 from deposition, though this rate varies globally among forests 

as well as seasonally (Newman 1995). Contributions from wet deposition occur primarily 

in the rainy season. Dry deposition, however, may be greatest during the dry season, 

especially in regions where slash-and-burn agriculture is common (e.g., Kellman et al. 

1982, Vitousek and Sanford 1986, Campo et al.  2001). Large-scale dust transport is an 

important source of P in old, weathered regions such the Amazon Basin (e.g., Swap et al. 

1992, Chadwick et al. 1999, Okin et al. 2003). Finally, fog deposition may supply 

nutrients in humid regions with limited rainfall (e.g., Weathers and Likens 1997, 

Bruijnzeel and Veneklass 1998); the contributions of this type of deposition (especially 

with respect to P), however, are often overlooked. 

Figure 4: Conceptual diagram of wet, dry, and occult phosphorus deposition. 
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Dependency on small atmospheric sources may make old tropical forests 

vulnerable, especially in the case of disturbance.  Lower annual rainfall in seasonally dry 

forests increases the relative significance of atmospheric sources that may be more 

sensitive to changes in canopy cover (e.g., dust or fog). Despite increasing disturbances 

to dry forests, studies of feedbacks between vegetation and limiting resources are lacking. 

FEEDBACKS IN PLANT COMMUNITIES 

Plant communities are known for their ability to modify the environment in ways 

that favor their own growth (Wilson and Agnew 1992). An example of these feedbacks is 

the contribution of canopy condensation (or “fog precipitation”) to water-limited forest 

ecosystems, which facilitates biomass growth and, in turn, increases fog precipitation 

(Wilson and Agnew 1992) (Figure 5). Plant communities have also been found to 

promote themselves by influencing infiltration (e.g., Greene 1992), water table elevation 

(Ridolfi et al. 2006), and the ground surface elevation (e.g., van de Koppel et al. 2005).   

Figure 5: Feedbacks in plant communities. 

 1. (A) the effect of fog inputs in water-limited plant communities, 2. (B) the effect of 
canopy "trapping" of P in P-limited plant communities 
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In cases where nutrients are the most limiting factor to plant growth, plant 

communities appear to improve the quality of their immediate surroundings by creating 

“islands of fertility” (Schlesinger and Pilmanis 1998, Schlesinger et al. 1990). Enhanced 

fertility near canopies has been found in the southwestern American deserts (Schlesinger 

and Pilmanis 1998), Hawaiian rainforests (Matson 1990), semi-arid New Zealand conifer 

forests (McGowan and Ledgard 2005), neotropical savannas (Kellman 1979), and other 

arid and semi-arid areas (see review in Vetaas 1992).  

Although the ways in which a forest canopy can influence nutrient cycling are 

multiple and complex (Prescott 2002), the ability of the canopy to “trap” nutrient-

enriched deposition may have a critical role in the soil fertility in many forests 

(McGowan and Ledgard 2005, Vetaas 1992, Kellman 1979). Although there has been 

little work to develop the concept of canopy “trapping” with respect to P, research 

supports the general idea that canopies may collect nutrients via both dry deposition 

(Lovett and Lindberg 1984, Potter et al. 1991, Kellman 1982, Newman 1995) and fog 

(e.g., Fowler et al. 1989, Weathers and Likens 1997, Bruijnzeel and Veneklass 1998).  If 

this canopy function exists, then plant communities that are dependent on deposition as a 

source of limiting nutrients may provide yet another example of a vegetation feedback. P-

limited tropical forests, particularly in the neotropics, do appear to rely on dust for small 

but critical P-inputs (Chadwick et al. 1999, Swap et al. 1992, et al. 2005). In cases where 

canopy interference has control over the quantity of deposition, these forests could be 

affected by a deposition-canopy feedback (Figure 5). 

Systems affected by positive feedbacks are known for their ability to exhibit 

multiple stable states (Scheffer et al. 2001). In the absence of major disturbances, these 
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systems can evolve towards a stable state in which the positively reinforced community 

achieves a maximum density. However, if the feedback cycle is perturbed (e.g., 

disturbance or climate change), the system may diverge to a different stable state (e.g., 

bare ground, alternate community). Thus, the identification of a significant positive 

feedback suggests the possible existence of bi-stable dynamics (e.g., Gunderson 2000, 

Rietkerk and van de Koppel 1997).  

In plant communities that are dependent on deposition as a source of limiting 

nutrients, the function of a forest canopy as a “trap” for deposition may provide another 

example of a vegetation feedback. Such deposition-dependency seems to exist in P-

limited tropical forests (Chadwick et al. 1999, Crews et al. 2005) and some forests appear 

to rely particularly on small but significant P-inputs from dust (Okin et al. 2004). If 

canopy interference of dust is responsible for the quantity of atmospheric input in P-

limited dry forests, then this situation may be an example of a canopy-deposition 

feedback.  

CONCEPTUAL MODEL 

To investigate the possible consequences of canopy cover enhancing P-deposition 

in tropical forests, a conceptual model based on published data was developed.  The 

relationship between dry tropical vegetation and phosphorus dynamics in P-limited 

forests was modeled by first making the assumptions that (1) at relatively high levels of 

P, some other factor (e.g., nitrogen, light, water) will become limiting and increases in P 

will no longer influence the density of tropical vegetation, V, and (2) that forests have a 

maximum canopy density, Vmax, which, expressed in terms of leaf area index (LAI), 

typically falls between 4-6 in dry tropical forests (Murphy and Lugo 1986). 
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With respect to these assumptions, a logistic equation (e.g., Murray 1989) was 

selected to represent the dynamics of vegetation, V,  

)(* VVV
dt

dV
cc
!=

                 (1) 

where t is time and Vcc is the vegetation carrying capacity of the system, i.e., the 

maximum value of V sustainable with existing resources.  Vcc is a function of the limiting 

resources, i.e., of plant-available soil phosphorus, Ps, in the case considered here. Based 

again on the assumptions listed above, a non-linear relationship is then used to express 

the Vcc(Ps) dependence  
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where Pcr represents the minimum value of Ps required for the existence of forest 

vegetation. Here, a typical value of 5 is used for Vmax.  

To find realistic values for parameters a and b, Equation 2 was fit to data reported 

by Goodland and Pollard (1973), who investigated changes in plant biomass along a 

gradient in available soil phosphorus (PO4
-3) content in the Brazilian savannas (Figure 

6A). This specific data set is used only as a means to consider the possible dynamics of 

tropical vegetation with changing soil P fertility. Similar fertility trends have been found 

in other forests (Vetaas 1992, Kellman 1979).  

To get a relationship based on plant area index (PAI) using the Goodland and 

Pollard (1973) dataset, Vcc was converted from total basal area of trunks (BA) (cm2 ha-1). 

This conversion was done using a relationship from Hoffmann et al. (2005) which was 

also found in Brazilian savannas:  Vcc = 0.0902 *BA – 0.0378 (r2=0.95). Additionally, P 



 

 

15 

was converted from milliequivalent PO4
-3 per 100 ml soil to kg P ha-1 by scaling to the 

top 10 cm of the soil profile.  A curve was then fit to this data set using Equation 2 and 

parameter values of a=0.021 and b=2.75.  

Figure 6: Literature relationships between vegetation (V) and phosphorus (P)  

A. Vegetation carrying capacity (Vcc) (PAI) versus available soil P (PO4
-3), Ps, (kg P ha-1) 

in a Brazilian savanna. Data from Goodland and Pollard (1973) B. Total solute P-inputs 
(Pin) (kg P ha-1) versus V (PAI) in 4 Columbian forest stands. Data from Tobón et al. 
(2004) fit to the equation: Pin=αV+β (α=0.1364, β=0.1239, r2=0.9435). 
 

 
 

To account for the effect of a canopy-deposition feedback, Equation 1 is coupled 

with a soil P balance equation expressing the temporal variability of Ps as the difference 

between deposition-driven P-inputs, Pin, and P-outputs, Pout, 

outin

s
PP

dt

dP
!=

      (3) 

For the purposes of this model, it is assumed that organic P in the vegetation is locally 

cycled with no net removal of biomass. This assumption limits the model by ignoring the 

possible occurrence of events that remove large amounts of biomass, such as 

deforestation. However, this restriction makes it easier to investigate the influence of 
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feedbacks between P and V on the ability of a system to recover after a major 

disturbance. 

To investigate how the dependence of P deposition rates on V affects forest 

vegetation and phosphorus dynamics in dry tropical forests, a simple linear relation is 

used to express Pin as a function of V, 

Pin= α V + β,                (4) 

where α expresses the strength of vegetation-deposition feedbacks, i.e., the fraction of 

Pin enhanced by the presence of a canopy (i.e., dry and fog deposition). The coefficient β 

represents the fraction of deposition (e.g., wet deposition) that is not strongly dependent 

on canopy cover  

  Figure 6B shows the dependence of Pin on V obtained by fitting equation (4) to 

data from Tobón et al. (2004), who studied solute fluxes (throughfall and stemflow) in 

four forested sites in northwest Amazonia. A linear curve was fit to describe P inputs in 

the form, Pin =αV+β (α=0.1364, β=0.1239, r2=0.9435). Although this study was unique 

in its analysis of throughfall under adjacent canopies of varying PAI, the P deposition 

concentrations reported here were within the ranges published from other research in the 

neotropics (see Newman 1995).     

Losses of P in tropical forests are normally dominated by leaching (Vitousek and 

Sanford 1986), though the relative insolubility of P keeps even these outputs very small 

(Bruijnzeel 1991, Campo et al. 2001). Here P-output is assumed to be a small proportion 

of available soil phosphorus, Ps  

! 

P
out

= c *P
s          (5) 

where c is the proportionality coefficient.  
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P output is likely to be dependent on V as well, but this detail has been omitted 

from the model in favor of simplicity.  Since P losses would most likely decrease with 

increasing V (Prescott 2002), adding this detail should only enhance the strength of the 

nutrient-vegetation feedback in the model. 

The general relationships between P and V established above are used to explore 

the possible dynamics of dry tropical forests with varying vegetative states, P deposition 

rates (both canopy dependent and independent), and soil fertility.   

RESULTS AND DISCUSSION 

To find the stable states of dry tropical forests, the equilibrium conditions were 

determined.  These are the cases where (1) P-inputs balance outputs (dP/dt=0, using 

Equations 3-5), and (2) V has reached a stable condition (dV/dt=0, in Equation 1). The 

solutions to this set of equations are shown in Figures 7 and 8 as the intersections of the 

isoclines of Ps and V (i.e., lines of constant values of Ps and V). Depending on the 

isoclines, there will be one to three intersection points, i.e., equilibrium states.  

Figure 7 shows the results of this analysis obtained when Vcc is expressed as in and Pin is 

modeled as in Figure 6B. Solutions are shown as intersections of the curves, ‘a’ and ‘c’ 

denote stable states, ‘b’ represents an unstable state. If the system is at a stable point, then 

it will return to that state even if perturbed. If a system is not at an equilibrium state then 

either a) the system has not yet reached the maximum V supported by the amount of Ps or 

b) the existing amount of vegetation will “trap” P at a rate such that P-inputs are not 

balanced with outputs. In either case, the system will continue to adjust itself until a 

stable state is reached. Specific properties of the system are calculated by Equations 1-5. 
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The integral, 
! "

#

$
%
&

'
(=
V

dVV
dt

dV
VU )()(

, is the potential of the system and can be 

calculated for a range of vegetative states (Figure 7 and 8, insets). Systems tend to 

minimize U(V), moving away from unstable states (i.e., maxima of U(V)) towards stable 

states where the system may settle (minima of U(V)).  

Solutions shown in Figure 7 are clearly dependent on the specific relationships 

taken from the literature values used here, and other solutions would be found if the 

relationships between P and V were altered. These relationships are likely to differ 

spatially, but may also fluctuate temporally within a set area. For instance, variations in α 

represent changes to the strength of canopy “trapping” and could be due to depositional 

pattern changes related to either dust (from local fires or large-scale events) or fog (local 

weather). Different values of β may be due to changes in rainfall, which is not tightly 

related to V.  

Figure 7: Solutions for equilibrium ecosystem conditions.  

Equilibrium conditions (where vegetation, V, and soil PO4
-3, Ps, remain constant) using 

the relationship between Ps and Vcc (solid) and the canopy-deposition feedback (dashed). 
Filled circles are stable states, the open circle is unstable. Inset: System potential, U(V) 
versus V.  Minima of potential correspond to stable states.  
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Figure 8 shows how the solutions are affected by changes to α or β in Equation 4. 

While there are certain ranges of α and β that support both a stable plant community as 

well as a stable bare-ground scenario, there are also values at which only one stable state 

is supported.  

Figure 8: The effect of altering the modeled rate of P deposition  

α and β may vary spatially and temporally and these changes may affect the number and 
quality of the solutions A) (α=0.0900, β=0.1239), B) (α=0.1650, β=0.1239), C) 
(α=0.1364, β=0.0900), D) (α=0.1364, β=0.2200). Filled circles are stable states whereas 
open circles are unstable. Insets show the potential, U(V) vs. V for all cases. 
 

 
 

This behavior is most clearly visualized in the bifurcation diagrams between V 

and α and β (Figure 9). The relationships exhibit clear hysteresis and small changes in 

either α or β, i.e., small changes in the nature of the deposition-canopy feedback, may 
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lead to abrupt and highly irreversible state changes. For example, if changes in 

environmental conditions affect the feedback such that α decreases below a critical value 

(α=0.12 in Figure 9) the vegetated state will not be in equilibrium and the only stable 

state is at V=0. Changes in the canopy independent fraction of deposition,β, may also 

induce a switch from a condition with two stable states to only one stable state (either 

V=Vcc or V=0). Thus, the adjustment of α or β (Figures 8 and 9) (e.g., change in land-use 

change or climate) may reduce the resiliency of the system.  

Figure 9: Hysteresis in vegetation dynamics due to P-deposition.  

Solid and dashed lines show stable and unstable solutions, respectively; vectors show the 
direction of change of the stable vegetation state, Vs (LAI). A) Vs versus α B) Vs versus β. 

 

These results suggest that feedbacks between P-deposition and vegetation are able 

to induce strong nonlinearities and hysteresis in the dynamics of vegetation. In dry, P-

limited tropical forests the influence of the canopy on P-input may have serious 

implications. Under some conditions, small changes in environmental conditions may 

lead to abrupt and irreversible changes to vegetative states.  This mechanism may help to 

explain past and future shifts from dry tropical forests to alternate states, such as 

savannas, woodlands, and grasslands. 
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CONTROLS OF VEGETATION ON THROUGHFALL P 

Throughfall experiments, which collect the rainfall that passes through the canopy 

and arrives at the forest floor, are a common way to estimate nutrient inputs to 

ecosystems (Potter et al. 1991, Tobón et al. 2004). Throughfall  is likely to have a 

different nutrient concentration than rainfall, due to contact with the vegetation after 

entering the canopy. Discrepancies in throughfall collected from  canopies with different 

characteristics (e.g., plant area densities) may also be found and reflect the amount of dry 

and fog deposition “trapped” by those canopies. The model described above suggests that 

feedbacks related to canopy trapping in dry tropical forests may be significant enough to 

induce state shifts in dry tropical forests.  Based on this result, two throughfall studies 

were set up in the SYPR to test the hypothesis that denser, older canopies are more 

effective at trapping deposition. 

METHODS 

Monthly Throughfall: 20-year Acahual versus Montaña 

To determine approximate values of throughfall P in the SYPR and to consider 

the effect of time and canopy age, a study was set up in El Refugio in July 2005.   A site 

was selected with two adjacent forest stands of different ages: one old 20-year acahual 

and one montaña.  In each forest, three 5-liter throughfall collectors were installed.  Each 

collector was placed on a crate two meters above the forest floor and was covered by a 

screen to prevent sample contamination.  Samples from these collectors were taken on 

August 1, September 1, and October 1, rendering one value for July, August, and 

September. They were frozen until June 2006, when they were brought back to Virginia 
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and analyzed colorimetrically for inorganic P (Murphy and Riley 1962) on an Alpkem 

Flow Solution IV Autoanalyzer (OI Analytical; College Station, Texas, USA). 

The PO4
-3 concentrations of the throughfall were analyzed to detect differences 

between 1) throughfall P in the differently aged forests during the same month and 2) 

throughfall P in the same forest during different months. A repeated measures analysis of 

variance (ANOVA) test was used to determine whether age and time have a significant 

relationship with throughfall P concentrations.  

Storm Throughfall: 4-year Acahual, 20-year Acahual, & Montaña 

A study to look at storm-based differences in throughfall was set up in June 2006, 

at the beginning of the rainy season. A site was selected in El Refugio where there are 

adjacent stands of 4-year acahual, 20-year acahual, montaña, and open field.  These 

land-types were easily distinguishable, and the forests were approximately 5, 10, and 15 

meters tall, respectively.  In each of the three forest stands, a central and flat area was 

identified, and three 15-m long transects were laid out (see Figure 10).  A total of 

fourteen 10-liter plastic throughfall collectors were dispersed every 3 meters along each 

of these transects. The collectors were held up to approximately 40 cm above ground by 

wooden posts and were covered with a mesh (approximately 1 mm) to prevent sample 

contamination. After the first two collections (after June 4), another six collectors were 

placed in the open field area.    

The relative plant areas within each of the forest canopies was approximated by 

the plant area index (PAI); measurements were obtained with a LI-COR LAI-2000 Plant 

Canopy Analyzer immediately above each throughfall collection bucket (at a height of 

0.5 – 1 meter above ground) (Figure 10).   The measurements were taken in the morning 
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of an overcast day, and the instrument was recalibrated in the open field area between 

each forest. 

The first collection occurred on June 3, 2006 after a storm that followed a one-

week long dry period.  The second collection occurred the next day, June 4, after another 

rainfall event. Thus, the first two sample sets provided an opportunity to directly compare 

throughfall collected after an antecedent dry period (i.e., where deposition may have had 

a chance to accumulate on the canopy) versus throughfall collected after an antecedent 

wet period (i.e. where the canopy had recently been washed off by the rain). These two 

sets of samples were brought back to Virginia and analyzed colorimetrically for inorganic 

P (Murphy and Riley 1962) on an Alpkem Flow Solution IV Autoanalyzer (OI 

Analytical; College Station, Texas, USA), following standard EPA methods.   

The PO4
-3 concentrations in the throughfall of each of the three forest stands from 

these collection periods were analyzed to detect differences between 1) the P 

concentrations in throughfall collected from different forests on the same day, and 2) the 

P concentrations in throughfall collected from the same forests on different days. A 

repeated measures ANOVA test was performed on all of the throughfall data and one-

way ANOVAs were performed on data from each day. In this way, both the effect of the 

canopy type (i.e., age, PAI) and the length of the preceding dry period could be 

evaluated.  

Collections were also made on June 8, 9, 13, 14, 17, 21, 24, 25, 26, and July 1, 

2006. Throughfall was preserved by adding 4 ml of 2M H2SO4 to a 120 ml water sample, 

to arrive at a final concentration of 0.35 % sulfuric acid (the maximum allowed for air 

travel). These samples were transported back to Virginia in July 2006, frozen, and 
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analyzed colorimetrically for inorganic P, as above.  The results from these additional 

collection dates will not be discussed here. 

Figure 10: Layout of throughfall collectors in El Refugio.  

A total of fourteen 10-liter plastic throughfall collectors were dispersed every 3 meters 
along 3 15-m long transects in 3 forest stands of different ages and an open area in El 
Refugio. The collectors were held up to approximately 40 cm above ground.  

 

RESULTS AND DISCUSSION 

Monthly Throughfall: Acahual versus Montaña 

Throughfall P concentration over all three months in both forests was highly  

variable (0.057± 0.029 mg/L) (Figure 11). There was a significant effect of the collection 

month on P concentrations (p=0.019). P concentrations in the July samples (collected on 

August 1st) were the highest and most variable (0.088 ± 0.033 mg/L), followed by 

August (0.048±0.011mg/L) and, lastly, September (0.038±0.007 mg/L).   There was no 

significant difference between throughfall P in the young and old forest stand (p=0.91). 

 



 

 

25 

Figure 11: Monthly throughfall [P] in 20-year acahaul and montaña. 

Mean [P] in throughfall samples that were collected once per month  (July,  
August, and September 2005) from a 20-year acahual and neighboring montaña forest  
stand in El Refugio (n=3 throughfall collectors per stand, bars show standard error).  
There was a significant effect of month on [P] (p<0.05) but no difference in throughfall  
[P] between the two forests.     
 

 

The relatively higher P concentrations and higher variability in throughfall in July 

may reflect the fact that these samples were collected at the end of the dry, burning 

season (when dust and dry deposition may be an important factor).  The reduction in P by 

August, and even more by September, may reflect the fact that the forest canopy was 

“washed” out by this point in the rainy season.  The lack of a significant difference 

between forests may have been due to the fact that the young forest studied here was 

already approximately 20 years old, and was similar in appearance, and probably also 

function, to the old forest.  The variability in the July samples in both forests, however, 

suggested that more intensive sampling might reveal differences between these two 

forests.   
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Storm Throughfall: 4-year Acahual, 20-year Acahual & Montaña 

Throughfall P concentrations of samples collected on the first day were  

significantly higher than those collected on the second (p=0.008, Figure 12). There was a 

marginally significant effect of forest type on P (p=0.08), with throughfall [P] higher in 

montaña than in 4-year acahual, and 20-year acahual intermediate . The interaction 

between forest and day on throughfall P was nearly significant (p=0.05), suggesting that 

the effect of the forest canopy on throughfall P was different on different days.  

Specifically, older forests had higher [P] than young forests only after a weeklong dry 

spell. 

Figure 12: Storm throughfall [P] in montaña, 4-year acahual and 20-year acahaul. 

Mean [P] in throughfall that was collected after storms on June 3 (after a  
1-week dry period) and June 4 (after a 1-day dry period) in El Refugio in 2006. 4-year  
acahual, 20-year acahual and montaña stands were sampled (n=14 collectors/stand,  
bars show standard error). The plant area index (PAI) is shown on the right. Throughfall  
[P] was higher on June 3 than on June 4 (p<0.01).  On June 3, throughfall [P] from the  
montaña was significantly greater than from the 4-year acahual (p<0.05). 
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Within each of the canopies, the mean values and variability of throughfall P were 

higher on June 3 than on June 4 (Figure 12). These differences were largest in the 

montaña (June 3: 0.060±0.020 mg/L, June 4: 0.027±0.003 mg/L), where the effect of day 

on throughfall P was also significant (p=0.019).  There appears to be a difference 

between days in mean throughfall P in the 20-year acahual (June 3: 0.058±0.016 mg/L, 

June 4: 0.031±0.002 mg/L, p=0.43).  However, this difference was not significant, 

perhaps because of high variability on the first day. There was no significant difference 

between days in the 4-year acahual (June 3: 0.029±0.013 mg/L, June 4: 0.026±0.002 

mg/L, p=0.47). 

Looking at the results only from June 3 (one-week antecedent dry period), there  

appeared to be a difference in the mean and variability of throughfall P collected from 

different canopies.  The highest mean and most variable throughfall P (0.060 ± 0.020 

mg/L) was in the montaña forest (the oldest canopy and also the greatest PAI). The 20-

year acahual had similar, but slightly lower values (0.058 ± 0.016), but the 4-year 

acahual was quite a bit lower (0.029 ± 0.013 mg/L). Overall, these differences were only 

marginally significant, however (p=0.07). However, the difference between the montaña 

and 4-year acahual on that day was significant (p=0.05). 

Samples from June 4 (antecedent dry period of less than one day), however, did 

not differ much between forest stands (montaña: 0.027 ± 0.003 mg/L, 20-year acahual: 

.031 ± 0.002 mg/L, 4-year acahual: 0.026 ± 0.002 mg/L). In these samples, no difference 

between the P concentrations in the throughfall of any of the canopies was found.  

There was no significant difference between the volumes of leachate collected in 

any of the forests on either June 3 (4-year acahaul and montaña only: 547 ± 98 ml) or 
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June 4 (all forests: 3725 ± 1023 ml). Based on these mean values, the total mass per area 

of throughfall was much higher from the June 4th storm (1.46 ± 0.12 µg PO4
-3 m-2, 

calculated over all forests since there was no difference between stands) as compared to 

any of the forests on June 3rd (montaña: 0.46 ± 0.16 µg m-2, 20-year acahual: 0.44 ± 

0.12 µg m-2, 4-year acahual: 0.22 ± 0.10 µg m-2) 

Since the length of the preceding dry period was an important difference between 

the first and the second collections, the enhanced P concentration in the first collection 

samples could have been due to dry deposition. Relatively high P concentrations under 

the densest canopies in the first collection (June 3) imply that canopy trapping may be 

occurring. 

Although the effect of forest cover on throughfall P seems to be important, it is 

clear that the size of the storm is critical in determining the total mass of P deposited in 

throughfall.  In this case, even though the throughfall of older forests had enhanced 

concentrations of P after an extended dry period, the total mass input was much greater in 

all forests after a large storm (despite lower P concentrations). Thus, the significance of 

the effect of canopy trapping may be dependent not only on the length of the antecedent 

dry period, but also on the size of storms.   
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 THE EFFECT OF FOREST AGE ON LEACHATE P 

In all tropical forests, heavy rainfall entails a high potential for nutrient losses 

through soil leachate. Since dense vegetative cover inhibits nutrient losses through other 

pathways (e.g., erosion and runoff), leachate is the most common output of P from these 

systems (Brujinzeel 1991). Phosphorus that leaves the root zone through leachate may be 

lost to the system either by draining into groundwater or becoming occluded (Walker and 

Syers 1976, Lawrence and Schlesinger 2001). 

Phosphorus losses in P-limited forests have a direct consequence on the 

vegetation since the nutrient is already limiting growth.  Thus, most tropical forests 

depend on “tight”, or efficient, nutrient cycling to minimize P-losses and maintain 

sufficient levels of plant-available P.  This tight cycling is facilitated by conservation 

mechanisms such as dense fine root mats and mycorrhizal fungi (Vitousek and Sanford 

1986).  

Even in forests that have established very efficient P cycling, however, there will 

be some losses of P. Although leaching is the most important pathway for P losses, even 

these losses are usually small (Tiessen 1995). Tropical forests typically have leachate that 

ranges between 0.03-0.7 mg P/L, (Bruijnzeel 1991, Campo et al. 2001). Even small 

losses could lead to increased P-limitations that would impact vegetation in the long run 

(Hedin et al. 2003).   

The quantity and nutrient content of leachate has been shown to be highly 

variable due to influences on many scales by topography, climate, soils, and vegetation 

type (Lewis 1986).  Whether a forest is old, young, or recently disturbed may also have a 

significant influence on the amount of phosphorus outputs through leachate.  Although P-
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losses are limited in mature, old forests that have adapted to conserve the limiting 

nutrient. I hypothesized that young or recently disturbed forest would have greater 

leachate [P], with the potential for greater losses.  

METHODS 

 Lysimeter Design  

Zero-tension lysimeters were installed in a concentrated region in the SYPR. 

Specifically, forty-six lysimeters were installed in pairs of young (10-25 years) and old 

(over 40 years) forest around Zoh Laguna and El Refugio (see Figure 13).  One shallow 

(0-15cm) and one deep (15-55cm) lysimeter were installed at each site so that differences 

in leachate P concentration through the soil profile could be detected.   

Figure 13: Layout of lysimeters, rain gauges, and throughfall studies.  

Each lysimeter site represents 2 shallow and 2 deep lysimeters in adjacent acahual and 
montaña forest stands.  
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Zero-tension lysimeters, which are dependent only on gravity and are normally 

used to collect water samples that represent leachate losses, are frequently used in 

tropical systems (Radulovich and Sollins 1991, Campo et al. 2001, Russel and Ewel 

1985).  In the field, placement of lysimeters below the root level is expected to capture 

soil solution samples that represent a loss to the system, although the presence of deep 

roots may pose a challenge to this assumption (Radulovich and Sollins 1991). The 

lysimeters used in this study were designed following advice from Michael Hofmockel 

(Duke Forest, February 2005; similar design found in Richter et al. 1994).  

Each lysimeter was made from three-inch diameter PVC that was sliced on an 

angle to create a final oval-shaped surface area with semi axes of 10.16 and 5.08 cm (see 

Figure 14).  The surface area of the lysimeter that was exposed to leachate is 40.54 square 

cm, such that 10 mm of leachate should be equivalent to a sample size of 40.54 mL.  

Figure 14: Layout of an installed pair of zero-tension lysimeters.   

Lysimeters were installed as deep-shallow pairs, as shown here. In most cases, two pairs 
of lysimeters were installed within approximately 10 -15 meters of each other. For every 
pair in a montaña, another pair was installed in a neighboring stand of 10-25 year 
acahual. 

 

The open side of the pipe cut for the lysimeter was covered with a three-inch 

polyvinyl chloride (PVC) cap, which had previously been fit with a connector piece.  On 
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the inner side of the cap, a piece of mesh (1 mm) was secured to keep large debris from 

clogging the lysimeter or tubing and contaminating the sample. The caps of 23 one-liter 

high-density polyethylene (HDPE) collection bottles were also fit with connector pieces 

to allow for a tight connection between the lysimeters, PVC tubing, and the sampling 

bottles in the field.  All lysimeters and bottles were acid-washed prior to shipment to the 

field site. 

Lysimeter Installation  

In March 2005, field sites were established around Zoh Laguna and El Refugio, 

which lie 20 km apart (see Figure 13). Average seasonal/annual rainfall, topography, 

vegetation, and land-use patterns appear to be sufficiently consistent over the 20 km 

stretch sampled in this study.  Initially, eleven pairs of zero-tension lysimeters were 

installed (Sites 1-6, Figure 13).  In May 2005, 12 additional pairs were installed (Sites 7-

12, Figure 13).  

Lysimeters were installed by digging a narrow hole to a depth of one meter (see 

Figure 1).  A piece of thin, flexible sheet metal was set in the hole to act as a wall and 

prevent soil from backfilling the hole.  Two small trenches (maximum 10 cm wide, 

approximately 60 cm long) were carefully dug on either side of the hole, 180º from each 

other.  The far end of the first trench (the end furthest from the one-meter deep hole) was 

dug to a depth of approximately 5-15 cm, no deeper than the root-zone. The furthest end 

of the second trench was dug to a depth below the root-zone, in the beginning of the layer 

of calcareous soil (15-55 cm deep, depending on the site). Each lysimeter was then 

pressed into the soil profile underneath the undisturbed soil surface at the far end of each 
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trench.  A piece of PVC tubing was connected to each lysimeter, passed down the trench, 

and connected to a 1-L HDPE collection bottle.  

After installation, the trenches were carefully backfilled with the removed soil and 

the site was restored to as natural a state as possible.  The hole was covered by plastic and 

capped with a wooden slab.  Small pink flags were placed to identify the locations of the 

lysimeters, and an effort was made to limit walking over that ground. 

Each lysimeter was installed as a pair of one shallow (within the root zone) and 

one deep (below the root zone) lysimeter to see whether the concentration of P is 

different in different regions of the soil profile. In almost all cases, two pairs of 

lysimeters were installed within approximately 10 -15 meters of each other.  For the 

purposes of this study, the deep (and shallow) lysimeters of each pair were assumed to be 

replicates.  

Furthermore, each lysimeter site consisted of a stand of montaña with an 

immediately neighboring stand of 10-25 year acahual. The exact juxtaposition of 

montaña and acahual stands was a critical aspect of the experimental design and is 

expected to emphasize differences resulting from forest type while minimizing 

differences due to soil texture, inherent soil fertility, topography and microclimate.   

Water Sample Collection & Analysis 

Leachate samples were collected from the forty-six zero-tension lysimeters from 

May 2005 until May 2006. Collections occurred in two to three week intervals from May 

through July of 2005 and at one-month intervals during the remaining wet season (July 

through November). In this way, leachate was collected 6 to 8 times per site.  In some 

cases, two samples were taken from a collection bottle at the same time.  At the time of 
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collection, the volume of leachate in each bottle was recorded, and extra leachate was 

emptied from the 1-L sample bottle.   On occasion, samples were also taken of rainfall 

(from the two rain gauges) and the Zoh Laguna well. A final collection of leachate was 

made in late May of 2006.   Typically the entire set of lysimeters was sampled within one 

week, but this was not always possible (see Appendix, Table 6 for collection dates).   

The first set of samples was kept refrigerated in the field until July 2005 and then 

transported back to the University of Virginia for analysis. The collections from July 

through November 2005 were made by trained local assistants, refrigerated, and 

transported to Chetumal to be frozen. All samples were brought back to the University of 

Virginia in June of 2006 and refrigerated prior to analysis.  

All of the leachate samples were analyzed colorimetrically for total inorganic P, 

as described above. Blank samples of deionized water (DI) passed through an unused 

lysimeter and a random selection of sample bottles were also run to identify error. All 

concentrations over 0.50 mg/L P were considered outliers and assumed to be 

contaminated. With this criterion, ten samples were deleted from the analysis. 

 Leachate P concentrations from each individual lysimeter were averaged (over all 

sample collections) and regressed against forest age and lysimeter depth.  For the 

purposes of this study, all montaña forest was conservatively assumed to be 50 years old.  

As the study was set up specifically to compare deep versus shallow and montaña versus 

acahual leachate P, samples were categorized into these groups. 

 To identify the change in leachate P concentration from shallow to deep 

lysimeters, the average values of all shallow samples from a lysimeter site were 

subtracted from the average values of all deep samples. Positive values represent higher 
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[P] in deep versus shallow leachate, whereas negative values indicate the reverse.  This 

result was then plotted against forest age. 

RESULTS AND DISCUSSION 

There was a significant interaction effect of age class (young/mature) and depth 

class (deep/shallow) on leachate P, suggesting that the age classes responded differently 

to differences in lysimeter depth (p=0.004).  The effect of age class was marginally 

significant (p=0.10).  Young forests tended to have higher leachate [P] than mature 

forests (Figure 15).  Depth was not a significant predictor of leachate [P] (p=0.83) (Figure 

16). 

Figure 15: Dependence of leachate [P] on forest age. 

Mean [P] in leachate from each site regressed against forest age. All montaña sites were 
considered as 50 years old. [P] of shallow and deep leachate are shown separately.  There 
is a negative relationship between deep leachate [P] and forest age (R2=0.49, p<0.001). 
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The concentration of PO4
-3 was highly variable among the leachate collected at all 

lysimeter depths and at all forest ages.  Leachate [P] in shallow samples ranged from 0.05 

to 0.21 mg/L (0.10 ± 0.04 mg/L) whereas the concentrations in deep samples ranged from 

0.04 to 0.17 mg/L (0.10± 0.04 mg/L).   Young forest leachate [P] was between 0.06 and 

0.17 mg/L (0.11± 0.04), and old forest [P] was between 0.04 to 0.21 mg/L (0.09 ± 0.04). 

There is no clear relationship between forest age and the absolute concentration of 

inorganic P measured in leachate at all depths (Figure 15). However, in deep samples 

only, leachate P declines significantly with increasing forest age (r2=0.49, p<0.001). In 

other words, there appears to be less P in deep samples of the older forests than in the 

samples of the younger forests.  

Figure 16: Dependence of leachate [P] on lysimeter depth. 

Mean [P] in leachate from each site regressed against lysimeter depth. There was no 
significant relationship between [P] and depth in any age class.  There was a weak 
correlation between montaña [P] and depth (R2=0.12). 
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P concentration measured in leachate of old forests declined slightly with depth, 

although not significantly (r2=0.12, p=0.12, Figure 16). No trends were apparent in either 

young forests or when all forests were considered together.  

Figure 17 shows a significant negative relationship (r2 =0.49, p=0.016) between 

forest age and the difference between deep and shallow leachate P ([P]D-[P]S). The young 

forests mostly have positive values of [P]D-[P]S, indicating more P in deep versus shallow 

leachate.  Older forests, on the other hand, show the reverse, indicating less P in deep 

versus shallow leachate. 

Figure 17: Difference between deep and shallow leachate [P].   

The difference between [P] in deep leachate ([P]D) and shallow leachate ([P]S)  
from each lysimeter site regressed against forest age.  Montaña stands are all assumed to  
be 50 years old. There was a significant negative relationship between  ([P]D- [P]S) and  
forest age (R2=0.49, p<0.05). 
 

 

 

Apparent leachate losses on a mass basis were much greater (p=0.025) when 

estimated from shallow lysimeters (2.62 ± 2.46 µg cm-2) than from deep ones (0.81 ± 
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0.89 µg cm-2). Deep leachate from montaña had a lower mean but greater standard 

deviation than deep leachate from acahual (0.69 ± 1.14 and 0.89 ± 0.75 µg cm-2, 

respectively), but these differences were not significant.  Since masses and volumes were 

not always both available, forcing the use of average site leachate [P] values with total 

cumulative volumes, these estimates may be subject to substantial error.  

Leachate that is beneath the root layer (i.e., from the deep lysimeter), which is 

more useful for approximating real leachate outputs, has significantly lower P 

concentrations with increasing forest age.  Thus, P concentration in leachate may increase 

as it drains through soil in young forests, but it tends to decrease as it drains through the 

soil of mature forests. These results suggest that mature forests may be adept at 

conserving phosphorus, whereas young, secondary forests may be more at risk for large P 

losses.   On the other hand, positive values of [P]D-[P]S in acahual may imply that young 

forests are simply more efficient at acquiring P from soil solution in the root zone. In 

either case, based on P concentrations, losses appear to be greater from younger forests.  

 

 

 



 

 

39 

SOIL MOISTURE CONTROLS ON P BIOAVAILABILITY 

Old, P-limited tropical forests are sustained in the short-term by internal cycling 

of P, i.e., the mineralization of organic P to “plant-available” inorganic P and the rate of 

bioavailability of that P (Walker and Syers 1976). Although mineralization and 

immobilization by microbial communities are typically considered a feature of internal 

cycling and unrelated to net losses and gains to systems, it has been suggested that wet-

dry patterns may lead to strong pulses in mineralization that make net losses/gains 

possible depending on system dynamics (Lodge et al. 1994).  More specifically, strong 

pulses of moisture may cause lysis (“bursting”) of microbial biomass, simultaneously 

decreasing competitors for plant-available nutrients and making an additional source of P 

(e.g., the lysed microbial biomass), and lead to increased plant-uptake in these nutrients 

(Lodge et al. 1994).  

Various studies that have attempted to determine mineralization rates of different 

soils under changing conditions have suggested that moisture levels or wetting-patterns 

will affect the rate, pattern, or net amount of P released by mineralization (Campo et al. 

1998, Grierson et al. 1998, Lodge et al. 1993, Diaz et al. 1993).  If the rate of 

mineralization, or the bioavailability of P in general, is dependent on moisture levels and 

drying/wetting patterns, then disturbances due to land-use or climate change would affect 

this supply of plant-available P. 

 Dry tropical forests experience strong variability in rainfall and, especially when 

disturbed, may be especially likely to regularly experience changing moisture conditions.  

This study investigates how these changes might affect mineralization rates and P-

availability on the short-term. 
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A series of lab experiments using anion exchange membranes (AEMs) was 

conducted to better understand the role of soil moisture in controlling soil P 

bioavailability. I hypothesized that higher soil moisture would increase soil-P 

bioavailability, especially when soils were dried and re-wet.  To test these hypotheses, 

soils from old forest stands (greater than 50 years) from the SYPR and Charlottesville, 

Virginia were incubated at different soil moistures/patterns and bioavailable-P (PO4
-3) 

was measured at various time intervals.  

ANION EXCHANGE MEMBRANES AS INDICES OF BIOAVAILABILITY 

To detect differences in bioavailable inorganic P in a soil that are due strictly to 

differences in soil moisture and pulses, an extraction method involving minimal soil 

disruption is necessary.  Furthermore, a method that reflects the state of bioavailability of 

P of a system over a relatively short period of time, rather than an instantaneous measure 

of extractable P in a certain amount of soil, is desirable.  Anion exchange membranes 

(AEMs) (GE Infrastructure Sensing, Inc. Part Number A R204SZRA (formerly, Ionics 

part number 204-U-435) incubated in soil-filled jars satisfy these criteria, and are used 

here as an index of P-bioavailability. 

Although AEMs were originally thought to act as a permanent sink for anions 

(including P), recent work demonstrated that they behave as a dynamic exchanger 

(Cooperband and Logan 1994, McGrath et al.  2000).  Membranes will function as sinks 

for relatively short periods in most media, and have been used to measure total 

bioavailable P when shaken with soil and DI in relatively short laboratory experiments  

(e.g. van Raij 1998, Zou et al.  1992, Myers et al. 2004, Parfitt et al. 1994).   
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Once the AEMs are no longer a source of easily exchangeable ions, the 

proportions of ions on the membrane are determined by the concentrations and relative 

affinities of the ions in the soil solution (Skodgley and Dobermann 1996). Also, 

particularly in soils with high-retention capacity, AEMs effectively compete with soil 

colloids and microorganisms (Cooperband et al. 1999). For instance, shaking soils with 

DI and resin strips may eventually enable resorbtion of P from strips back onto the soils if 

new soil surfaces with high affinities for P are exposed (Sato and Comerford 2006). 

Desorption from AEMs has also been attributed to high bicarbonate (HCO3) levels 

(Giblin et al. 1994). In most cases, anion exchange with AEMs that are incubated in soils 

is representative of patterns of the plant-availability of nutrients (Giblin et al. 1994, 

Cooperband and Logan 1994, McGrath et al. 2000, Skodgley and Dobermann 1996).  

Some desorption from AEMs may be due to other factors related to the physical 

condition of the resins, although the effects appear to be relatively small. For instance, 

intense dry-wet cycles may cause a small percentage of desorption due to shrinkage of 

resins and expulsion of interstitial liquid, even when these cycles do not appear to affect 

the physical integrity of the resins (Mamo et al.  2004). 

Two preliminary experiments were done in the SYPR with local montaña soils to 

determine the AEM methods that would be used to experimentally determine the effect of 

soil moisture pulses on soil available P. 

Incubations versus Slurry 

This experiment tested the ability of two AEM methods to reveal the effects of 

soil moisture on bioavailable P. The first method involved incubating AEMs in soils and 

the second involved shaking AEMs with a slurry of DI and soil sub-samples. AEMs were 
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pre-cut to 2.5 cm x 5 cm.  The strips were rinsed with DI water, soaked in sodium 

chloride solution (1M NaCl), and kept refrigerated. With an approximate exchange 

capacity of 1 milliequivalent per 2.25 square inches (0.34 sq cm), these strips were 

expected to have a capacity of 4.36 milliequivalents. 

 Ten sets of soil samples were prepared for extraction by both methods over the 

course of 13 days after a water pulse. Redzinol soils were collected from the top 0-5 cm 

of three montaña stands (2, 8, and 10 in Figure 13), mixed to create one bulk sample, and 

passed through a 2 mm sieve.  Several soil samples of a known volume were collected 

with a sharply edged soil corer, weighed, and oven-dried for two days at 105º C.  These 

samples were used to estimate gravimetric soil moisture (35 %) and bulk density (0.55 

g/cm3).  

For each extraction time, six plastic, acid washed, 120 ml sample jars were filled 

with 54 g of field moist soil (approximately 80 ml).   In half of these soil-filled jars, an 

AEM (rinsed with DI) was inserted upright into the soil, using tweezers (Figure 18). Soil 

was packed loosely to ensure a connection between soil and the AEM.  

The remaining jars were left without an AEM and were used to incubate soils for 

the slurry method. A pulse of 10 ml of water was added to each of these containers at t=0 

and this soil moisture (75 %) was maintained gravimetrically by rewetting as necessary 

every 2-3 days during the experiment. 

For the incubation method blank, an additional sample jar was prepared with DI 

and a resin strip was inserted. For the slurry method blank, another empty sample jar was 

filled with DI, but no AEM was added. The experiment was set up on June 6, 2005 and 
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extractions took place on June 7, 8, 9, 10, 14, 15, 17, 18, 20, and 24. In all cases, the 

samples jars were left partially opened to allow for gas exchange. 

Figure 18: Anion exchange membrane (AEM) placement in incubation jar. 

 

Extractions for the Incubation Method  

At each extraction time, the incubating resin strips were removed with tweezers,  

rinsed thoroughly with DI, and placed with 20 ml hydrochloric acid (0.5 M HCl) into an 

acid-washed sample jar.  Jars were shaken vigorously for two minutes on four occasions 

during a two-hour time period.  The extract was poured into a 30 ml sample bottles and 

kept on ice until transported to the lab in Chetumal. 

Extractions for the Slurry Method 

Each time an AEM was removed from an incubation jar, 10 g of soil were also 

removed from a slurry jar (soil without AEM) and placed into an acid-washed jar with 30 

ml of DI and a rinsed, NaCl-saturated AEM. At the same time, an AEM was added to the 

slurry blank sample jar. All of these jars were vigorously shaken periodically throughout 

an 18-hour period.  After 18 hours, the AEMs were removed, rinsed, and extracted for 2 

hours with 20 ml 0.5 HCl following the same methods as above. 

Analysis 

After treating samples according to the molybdate-blue method for inorganic  

phosphorus measurement (Murphy and Riley 1962), all extracts were analyzed 

colorimetrically (Murphy and Riley 1962) for inorganic P on a spectrometer in the 
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ECOSUR lab in Chetumal. A repeated measures ANOVA test was done on the data to 

show the effect of the method on the amount and temporal pattern of extractable AEM-P. 

Results 

The AEMs from soil incubations had significantly more extractable PO4
-3 than the 

AEMs from the slurry (p=0.018, Figure 19). There was neither a significant effect of time 

(p=0.09), nor was there a strongly significant interaction effect (p=0.08). 

Figure 19: Soil bioavailable P as estimated by two AEM methods, SYPR. 

P extracted from anion exchange membranes (AEMs) that had been either  
1)  incubating for t days with soils or 2) shaken with a 4 g subsample of soil (removed at  
time t) and 30 mL of dionized water for 16 hours. Soils were wet from 34 % gravimetric 
soil moisture to 75 % on day 0. The incubation method extracted more P than the slurry  
(p<0.05).  There was no significant effect of time on extractable P (p=0.09). 
 

 

 Although the interaction effect of time and method was not significant, it appears 

that the difference between methods was relatively smaller in the earlier extractions than 

in the later ones; thus, it is possible that the increased P in incubated AEMs reflected a 
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slow accumulation of P on the strips.  However, variable and fluctuating P extracted from 

the incubations throughout the experiment is evidence that the strips were not acting 

purely as a sink.   The apparent peak in bioavailable P in the incubated AEMs (and less 

pronounced in the slurries) around day 10, though also not significant, may be a sign of a 

lagged P release after the water pulse at time 0.  

Since the incubation method did result in measurable P and also appeared to track 

differences in bioavailable P with minimal disturbance to the soil sample, it was this 

method that was used for the remainder of the studies. 

Incubations of SYPR Soils at different Soil Moistures: July 2005 

A second experiment on the effect of moisture on P adsorption onto AEMs was  

conducted on SYPR soils in July 2005.  Based on the previous study, ten sets of samples 

were prepared using the incubation method.  Each set included two blanks (AEMs in DI), 

three unpulsed (dry) replicates, three replicates that were given a small pulse of water, 

and six replicates that received a larger pulse of water.  Field moist soil (67 g, 80 ml) was 

added to each of the containers.  The gravimetric soil moisture, 20 %, was calculated by 

oven drying a subsample at 105 ºC for 24 hours.  The small pulse jars received 17 g of 

DI, yielding a soil moisture of 56 %, whereas the large pulse jars received 35 g of DI, 

yielding a soil moisture of 90 %. Three of the large pulse replicates were allowed to dry, 

whereas the others were to be maintained at constant moisture. Due to high humidity, 

however, the amount of drying to the pulsed samples was minimal. The pulse of water 

was added on July 3, 2005 (day 0). Extractions occurred on days 1, 2, 3, 4, 5, 8, 10, 12, 

and 16 according to the incubation methods outlined above. 
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 Samples were transported back to the University of Virginia and refrigerated prior 

to analysis. Extracts were analyzed colorimetrically for inorganic P, in the same way as 

all previous experiments. The average value of the blanks at each extraction time was 

subtracted from all other samples extracted at that time period.  

 A repeated measures ANOVA test was done to determine the effect of the 

moisture treatments on the amount and temporal pattern of extractable AEM-P. 

Results 

During the first 7 days, there was a significant effect of the day (p<0.001) on 

bioavailable P.  However, neither moisture (p=0.49) nor the interaction between time and 

moisture (p=0.22) were significant.  All treatments  tended to peak on day two of the 

initial 7-day period.  

Over the entire length of the study, there was a significant effect of both moisture 

levels (p<0.001) and time (p<0.0001) on bioavailable P. There was also a significant 

interaction effect between moisture treatment and time on P (p<0.0001). The AEMs from 

the dry and moderately wet treatments had under 0.8 µg P per AEM in all cases, and both 

of these cases had peaks within the first 5 days. The peak in the dry followed the peak in 

the moderately wet  (Figure 20). There was no significant difference between the dry and 

low moisture level soils (p=0.79), although the interaction effect with time was 

marginally significant (p=0.08).  In contrast, the AEMs from the very wet cases had 

values of P that peaked after day 7 and were much higher than expected, up to 16 µg 

P/AEM. There was no significant difference (p=0.38) between the high moisture pulsed 

(90 %) and continuously wet (90 %) extractable P, although there was a significant 

interaction effect between these moisture treatments and time (p=0.010). 
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Figure 20: Soil bioavailable P with 4 moisture treatments, SYPR. 

P extracted from anion exchange membranes (AEMs) that incubated for t days with soils 
that were either 1) field moist (20 % gravimetric soil moisture), 2) wet to and maintained 
at 56 %, 3) wet to and maintained at 90 %, or 4) wet once to 90%. There was a significant 
effect of both moisture level (p<0.001) and time (p<0.0001) on extractable P. 
 

 

 

During the first week, all moisture levels followed the same trend, peaking around 

day 2 in extractable P. After the 4th day, however, the size of the moisture pulse had a 

significant effect on extractable P. The highest moisture levels resulted in a second, 

substantial pulse of extractable P, an order of magnitude greater than that in the first 

week. The field moist, un-pulsed (dry) soil and the soil with a small pulse of water 

remained low and did not differ significantly. A pulse that creates a super-wet soil most 

likely causes a peak in extractable P due to dissolution, dispersion, and lysis. Thus, large 

pulses may release bioavailable P into the soil, but the effect of this pulse may be lagged 

by up to 8 days. 

    1        2         3        4          5        8        10       12      16 
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MOISTURE CONTROL ON SOIL PHOSPHORUS BIOAVAILABILITY 

Methods 

A study with Virginia soils was conducted from April to June, 2006.  Methods 

were based on the two preliminary experiments described above. Soil was collected from 

the top 0-5 cm (where P tends to be most concentrated) along randomly selected 100 m 

transects from a forested site in Charlottesville, Virginia in November 2005. Samples 

were passed through a 2 mm sieve, refrigerated, and bulked in February and March.  

In May 2006, seven sets of samples (for seven extraction times) were prepared.  

Enough soil to fill ten 120 ml polypropylene sample jars per set (70 jars total) was spread 

thinly on aluminum tins for five days to air dry.  Soils were occasionally stirred to ensure 

even drying. After five days, 42 grams (approximately 75-80 ml) of air-dried soil was 

distributed into each sample jar.  At the same time, field-moist soil was removed from the 

refrigerator, stirred, and distributed into 21 additional sample jars (3 per set). The same 

“air-dry equivalent” amount of soil (60 grams of field moist soil) was placed into each of 

these jars. Field-moist (unpulsed) soils were neither dried nor re-wet and were therefore 

meant to serve as a control treatment. AEMs were added to each of these jars and allowed 

to incubate with the soils for two days before moisture pulses were added. 

In addition to the soil-filled jars, two jars per set were prepared as blanks by 

filling them with 120 ml DI water.  One jar per set was filled with 100 ml potassium 

dihydrogen phosphate solution (0.1 M KH2PO4, 0.43 g P per jar to confirm the anion 

exchange capacity of the AEMs).  To test the slurry method in the context of this 

experiment, two 120 ml jars were also prepared with 4 g of field-moist soil.  
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 On April 6th a pulse of water was added to each of the jars containing air-dried 

soils.  To each of the 7 sets, the following amount of water was added (the number of 

replicates per set is given in parentheses): 0 ml (2), 10 ml (2), 15 ml (1), 20 ml (2), 25 ml 

(1), 30 ml (1), 35 ml (1).  The initial gravimetric moisture levels ((wet soil (g) - dry soil 

(g)/ dry soil (g)) were determined after the first extraction by oven-drying subsamples for 

one day at 105 ° C.  The moisture levels of each of the treated soils were the following: 

field-moist/unpulsed: 23 %, dried/unpulsed: 3 %, 10 ml: 23 %, 15 ml: 33 %, 20 ml: 47 %, 

25 ml: 60 %, 30 ml: 69 %, 35 ml: 84 % (Figure 21). 

Figure 21: Setup of bioavailable P experiment, Virginia. 

Eighteen incubation jars were prepared for 7 different extraction times. Each oval 
represents a jar treatment: B=blank (DI), U=undried, unpulsed, D=dried, unpulsed, 
P=dried, pulsed, S=slurry. Subscripts give gravimetric soil moisture (%).   
 

 

 At each of seven extraction times, one set of the prepared incubation jars was 

selected.  The AEMs from each of the jars were removed; at the same time, slurries were 

made with 4 g soil, 100ml DI, and an AEM and were shaken for 18-20 hours. All AEMs 

were then extracted by shaking for 2 hours with 20 ml of 0.5 M HCl (i.e., using the 

incubation methods described earlier) (Murphy and Riley 1962, McGrath et al.  2000). 

As before, extracts were refrigerated until analyzed for inorganic P.  

AEMs soaking in the KH2PO4 solution had approximately 4.9 mg extractable P.   

There was no relationship between time and P adsorbed to AEMs. The amount of P 
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obtained from this solution was significantly higher than from any of the soil incubations, 

so it is clear that the P adsorbed during the soil incubations was not limited by the AEMs.    

Differences in average inorganic P over time and across treatments were analyzed 

using repeated measures ANOVA to determine the effect of moisture patterns on soil P 

bioavailability.  Bioavailable P was also regressed against both soil moisture and time. 

Results  

The amount of P extracted from the AEMs depended strongly on the size of the  

moisture pulse (p<0.001, Figure 22). At all extraction times, jars with greater moisture 

pulses had AEMs with more extractable P.  This trend was strongest for the first 

extraction time and less strong through time.  

Figure 22: Dependence of bioavailable P on soil moisture. 

P from anion exchange membranes (AEMs) that had been incubating with dried soils that 
were re-wet to various soil moistures.  Each series represents an extraction that occurred 
a different number of days after re-wetting. There was a positive relationship between 
soil moisture and AEM extractable P on each day (R2 on plot, p<0.005 in all cases). 
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The amount of P extracted by the AEMs was also dependent on time (p=0.002, 

Figure 23), although there was very little change ever detected in the dry (3 % soil 

moisture), unpulsed soil. For all other moisture pulses, extracted P declined with time. 

This trend was especially strong for the first 10 days (Figure 23). 

Figure 23: Dependence of bioavailable P on time. 

P extracted from anion exchange membranes (AEMs) that had been incubating with dried 
soils that were re-wet to various soil moistures.  Series show the different soil moistures 
(%) used. AEM extractable P declined with time (p<0.005).   
 

 

The dual effect of moisture and time on the rate of P-bioavailability can be seen in 

Figures 24 and 25. The change in P (∆ P) is calculated as the difference between P 

extracted from the AEM at any given day and the average P extractable from the dry, 

unpulsed AEM at t=1. ∆ t is the number of days since the pulse.  Series show the change 
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in the rate when considering different time intervals (∆ t’s). The effect of the pulse 

increases with increasing soil moisture, and is greatest at short timescales.  

Figure 24: Dependence of the rate of P bioavailability on soil moisture. 

The rate of P bioavailability regressed against gravimetric soil moisture.  The rate is 
expressed as the difference between AEM P immediately before rewetting (t=0) and t 
days after rewetting, divided by t. The results from each day are shown as a series.  The 
rate of P bioavailability was positively related to soil moisture at all times. 
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Figure 25: Dependence of the rate of soil P bioavailability on time. 

The rate of P bioavailability regressed against extraction time.  The rate is expressed as 
the difference between AEM extractable P immediately before rewetting (t=0) and t days 
after rewetting, divided by t. Two soil moistures (23 % and 47 %) are shown; other soil 
moistures followed the same trend. The rate of P bioavailability decreased with time. 

 

Undried, unpulsed samples had significantly greater P-bioavailability than dried, 

pulsed samples at the same soil moisture level (23 %) (p=0.047, Figure 26).  There was 

also a weak effect of time on P (p=0.09) and a slow decline in P over time was evident in 

the dried, pulsed samples. There was no significant interaction effect between these two 

treatments and time (p=0.21).  

Slurry results for the first six extraction times are shown on Figure 26 to see how 

the slurry and incubation methods compare.  Significantly more P was extracted from the 

slurry method (e.g., than the undried samples, p=0.047), probably because 18 hours of 

shaking with DI increased contact between soil surfaces and the AEM. The pattern from 

this method appears to be similar to the pattern seen from the incubated AEMs for the 

undried, unpulsed soil. 
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Figure 26:  Field-moist vs. dried & re-wet soil P bioavailability. 

AEM extractable P from soils at 23 % gravimetric soils moisture that had been either 1) 
undried or 2) air-dried and re-wet.  AEM extractable P is also shown from a slurry of 10 
g of soil and 50 mL of deionized water. The re-wet soils had significantly more P than the 
undried soils (p<0.05). 
 

 

The decreasing amount of P on AEMs over time (Figure 23) reinforces the idea 

that these membranes function as a dynamic exchanger of anions rather than an absolute 

sink. The immediate increase in P on day 1 was likely due to the dissolution and diffusion 

of inorganic P that would have been facilitated by the water pulse.  Lysis following 

rewetting in the existing microbial population could have contributed to the particularly 

high values at the greatest moisture levels. The water pulse may also have benefited some 

of the microbial population, however, and these recovering or revitalized populations 

could have competed for (and removed) P from the AEM during the course of the first 1-

2 weeks.  This competition would explain the decreasing P extracted from the strip over 
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time.  Since the soils were allowed to dry over the course of the experiment (they were 

never re-wet), some of the desorption of P could be a result of the drier conditions. 

Between days 8 and 16, extracted P actually increased, particularly at the highest 

moisture levels.  This increase could be reflecting reduced microbial competition as these 

populations became more balanced under conditions of limited resources and drying 

soils. 

The increase by day 36 could be due to the slow decline of the microbial 

populations and corresponding increase in available P. In the control samples, the 

microbial communities were likely balanced and P simply accumulated on the AEM over 

time due to dispersion, until equilibrium was reached. 

By the 36th day, P in the top moisture levels had decreased, whereas P in the 

lowest soil moisture levels may have leveled out.  It is possible that wetter conditions 

continued to support microbial populations that consistently competed with the AEM, 

removing P over time.  Conversely, the drier soils may not have had such active  

communities and the AEMs could have slowly accumulated P and then leveled 

throughout time. 

These results suggest that the amount of inorganic P that is available in a soil is 

enhanced by drying and rewetting (in this case samples were dried for 5 days before 

being rewet), but that is dependent on both the size of the pulse and the amount of time 

since the pulse.   The greatest amount of P is released immediately after the largest water 

pulses, but is likely to diminish quickly as a result of competition from microbial 

populations. 
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SUMMARY OF SOIL MOISTURE EFFECTS ON P BIOAVAILABILITY 

In the two preliminary experiments, soils were never dried.  In the first case, 

where soil moisture was moderate and constant, there were no strong pulses of P or 

associated temporal patterns of P bioavailability.  In the second preliminary experiment, 

where soils were also initially field moist, only the samples pulsed to 90 % gravimetric 

soil moisture had large, lagged peaks in bioavailable P.  The other wet treatment, though 

pulsed, was not significantly different from the dry treatment.  These results are 

interesting to contrast with the final experiment, where the effect of drying and rewetting 

soils was considered.  In this case, dried-rewet soils had significantly more P released in 

strong pulses than undried, unwet soils.  Also, the larger the water pulse, the greater the 

peak in P.  In conclusion, it seems that drying and re-wetting soils typically results in the 

most available P.  If wet soils are pulsed, a much greater amount of water may be needed 

to see the same change in the temporal patterns of P-release.   
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SUMMARY AND CONCLUSIONS 

Dry tropical forests are particularly vulnerable to land-use and climate changes, 

yet remain notoriously understudied. This research has shown that dry tropical forests 

may have a unique vulnerability to disturbance based on the relationships between 

phosphorus limitations, phosphorus cycling, and the forest canopy.  Reduced resiliency 

may develop in these forests as a consequence of feedbacks between the forest and 

phosphorus cycling and, ultimately, may lead to sudden, unexpected, and potentially 

permanent shifts to alternative states. Reduced resiliency may be related to, but not 

limited to, three major features of phosphorus cycling in these forests: 

Deposition: Disturbances to land-cover or climate may affect P-deposition rates.   

Feedbacks between canopy cover and deposition (i.e., such that denser canopy increases 

total deposition) may enhance this effect.  A review of the literature and conceptual 

modeling revealed evidence for the presence and potential effectiveness of canopy 

nutrient-“trapping” in dry tropical forests (see Figure 9). Furthermore, a study of 

throughfall in adjacent forest stands showed that the length of the antecedent dry period is 

related to the amount of throughfall P, particularly in older forests (see Figure 12).  These 

results give evidence that canopy trapping may be an effective way for dry tropical 

forests, especially older forests with denser canopies, to acquire P in the long run. 

Leaching: Disturbances to land-cover may lead to increased leaching losses in P  

since young and disturbed forests may lack P-conservation adaptations.  Increased 

inorganic P concentration was found in deep leachate under young, more-recently 

disturbed forests relative to older forests under the same environmental conditions (see 
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Figure 15).  This finding suggests the possibility that a leaching feedback may exist in 

disturbed, dry secondary forests.  

Soil-P Bioavailability: Decreased canopy cover and changing climate could both  

influence the frequency and intensity of wet-dry pulses in soil moisture under the forest 

canopy.  Experiments suggest that soil moisture and soil moisture patterns may have a 

strong influence on the bioavailability of P (see Figures 22 and 23) and may, therefore, 

affect P-losses. Moister soils appear to generate higher P-bioavailability, but this effect is 

even more pronounced in the case of wet-dry pulses.  The influence of moisture pulses on 

P-bioavailability may interact strongly with the leaching mechanism  since higher P 

concentrations in soil water could lead to greater P losses as water moves down the 

profile. 

While each of these mechanisms may operate independently, it is more likely that 

all of them work in conjunction, increasing the intensity of the feedback.  For instance, if 

the canopy density changes, then it seems likely that all of the following could potentially 

occur: atmospheric deposition may be reduced, soil moisture could be affected (e.g., 

changes in canopy shading could strengthen moisture pulses) and alter soil-P 

bioavailability, and leaching losses might be enhanced.  These three changes could all 

work together to reduce the local P supply, increasing P limitations.  

In P-limited environments, loss of available P could lead to changes in the 

vegetation.  If vegetation has control over P cycling, as suggested in this research, then 

these relationships constitute a feedback. The importance of this feedback could be 

diminished by the existence of other highly limiting factors such as water. Thus, the 

effects of the P-limitation may be restricted in some cases. On the other hand, if P is a 
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strongly limiting factor to vegetation growth, then the system may be driven toward 

alternative states, substantially changing the system within ecological timescales. 

There has been evidence and speculation that some areas that were formerly dry 

tropical forest have permanently shifted to regimes of savannah and pasture. The 

complex relationships and feedbacks between P and vegetation, especially with regards to 

deposition, leaching, and soil bioavailability, may help to explain these changes and 

similar state shifts in the future.  
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Appendix  

Table 1. Daily rainfall in Zoh Laguna and El Refugio , March 2005 – July 2006. 

Daily rainfall in Zoh Laguna (ZL) and El Refugio (ER) from March 2005 until July 2006. 
Although gauges were checked regularly, only days where rainfall was reported in either 
location are shown.  ZL records were taken in the morning, whereas ER measurements 
were made in the evening; greater recorded rainfall in ZL may reflect this difference.  
However, ZL rainfall was frequently unmeasured on weekends and this rainfall typically 
appears in the dataset on Mondays; large weekend storms may be underestimated in ZL.  
 
  Zoh Laguna  El Refugio  Zoh Laguna El Refugio 
Day Time of  Rain  Time of  Rain Day Time of  Rain  Time of  Rain 
  Measure (mm) Measure (mm)   Measure (mm) Measure (mm) 

3/16/05 8:00 6.0 21:00 35.0 6/20/05 10:00 8.0 22:00 3.4 
3/17/05 9:00 6.0 16:00 2.0 6/22/05 11:00 15.2 22:00 10.5 
3/27/05 8:00 6.2 16:00 20.0 6/23/05 10:00 3.2 22:00 4.2 
3/28/05 8:00 0.2     6/24/05 9:00 3.0     

4/1/05 9:00 55.0 20:00 35.5 6/27/05 10:00 4.6     
4/2/05 9:00 34.0     6/28/05 9:00 1.0 22:00 2.4 
5/5/05     22:00 24.0 7/1/05 9:00 3.4     
5/7/05   7.4     7/4/05 10:00 15.0     

5/17/05 9:00 3.2     7/5/05 9:00 1.0 22:00 3.1 
5/20/05     22:00 12.0 7/11/05     22:00 5.3 
5/21/05 10:00 12.2     7/13/05     22:00 30.5 
5/22/05 15:00 4.6 22:00 23.5 7/15/05   1.0     
5/23/05 14:00 16.0     7/19/05     22:00 1.5 
5/24/05         7/20/05 14:00 12.0     
5/25/05 8:00 28.0 22:00 7.5 7/21/05 13:00 3.6     
5/26/05   2.2     7/23/05     22:00 2.4 
5/27/05     22:00 12.0 7/24/06       0.5 
5/28/05     22:00 67.8 7/25/06 10:00 21.6     
5/29/05 9:00 4.2     7/26/06 10:00 3.4     
5/30/05   0.2     7/30/06     22:00 6.1 
5/31/05 10:00 2.8 22:00 1.3 7/31/06 10:00 8.2 22:00 8.5 

6/1/05 8:00 19.8 22:00 2.1 8/3/06   23.2     
6/6/05     22:00 2.5 8/4/06 9:30 13.4 22:00 5.0 
6/7/05     22:00 1.2 8/5/06     22:00 4.5 

6/10/05     23:00 3.9 8/6/06     22:00 2.3 
6/12/05 9:00 6.2     8/11/06     22:00 18.0 
6/13/05 9:00 10.2     8/15/06     22:00 56.0 
6/14/05   4.0     8/16/06     22:00 5.3 
6/15/05 9:00 26.8 22:00 1.3 8/17/06     22:00 1.2 
6/16/05 9:00 13.2 22:00 3.4 8/20/06 2:00 12.0     
6/17/05 13:00 20.9     8/21/06     22:00 18.1 
6/18/05     22:00 12.0 8/22/06 0:00 54.4     
6/19/05     22:00 10.5 8/23/06 2:30 6.4     
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 (cont’d) Zoh Laguna El Refugio  Zoh Laguna El Refugio 
Day Time of  Rain  Time of  Rain Day Time of  Rain  Time of  Rain 
  Measure (mm) Measure (mm)   Measure (mm) Measure (mm) 

8/24/06 9:00 24.4 22:00 6.5 11/6/06     22:00 4.0 
8/25/06 9:00 2.2     11/7/06     22:00 0.5 
8/26/06 9:00 15.8     11/10/06   36.0     
8/27/06 12:00 26.4     11/18/06     9:00 1.5 
8/28/06     22:00 4.3 11/19/06     10:00 6.4 
8/29/06 9:00 22.0 22:00 14.3 11/21/06 10:00 0.8     

9/1/06 9:00 0.4     12/6/06     10:00 3.5 
9/2/06 9:00 9.2     12/19/06     10:00 1.5 
9/3/06     22:00 9.3 1/4/06     10:00 3.5 
9/4/06 18:00 57.4 22:00 2.1 1/5/06     10:00 1.3 
9/5/06 10:00 0.4 22:00 20.1 1/20/06 14:00 2.2     

9/10/06     22:00 17.1 1/25/06 5:30 6.0     
9/11/06     22:00 13.3 1/27/06 9:00 4.2     
9/12/06 9:00 5.6     1/29/06     10:00 4.2 
9/13/06 9:00 1.0     2/13/06 16:00 15.8   
9/14/06 9:30 8.4     3/6/06 10:00 46.2     
9/15/06 2:30 12.0 22:00 2.1 3/24/06 9:00 7.7     
9/16/06     22:00 1.1 3/28/06     22:00 7.3 
9/17/06 18:00 16.0 22:00 4.4 4/7/06 10:00 5.0    
9/18/06     22:00 0.5 5/14/06     22:00 15.5 
9/19/06 4:30 36.2     5/15/06 9:30 7.4 22:00 20.1 
9/20/06 12:00 1.6     5/16/06 10:00 19.0     
9/23/06     22:00 7.3 5/20/06     22:00 7.5 
9/24/06     22:00 4.3 5/21/06     22:00 2.3 
9/29/06 9:00 36.4 22:00 70.0 5/22/06 16:00 56.0     
9/30/06 9:00 5.0 22:00 30.0 5/24/06 12:00 7.4 22:00 40.0 
10/1/06     22:00 20.0 5/25/06     22:00 36.1 
10/2/06 14:00 17.0     5/26/06     22:00 13.8 
10/4/06 11:00 10.2     5/30/06 9:30 27.0     
10/5/06 9:30 16.0     5/24/06 12:00 7.4 22:00 40.0 
10/6/06 9:30 17.6     5/25/06     22:00 36.1 
10/7/06 9:30 21.8     5/26/06     22:00 13.8 
10/8/06 11:30 17.4     5/30/06 9:30 27.0     

10/13/06     22:00 4.5 6/2/06 9:30 2.8 22:00 3 
10/14/06 9:23 5.6     6/3/06     22:00 6 
10/15/06 9:00 30.8 22:00 31.5 6/4/06     22:00 1 
10/20/06 8:00 5.4     6/5/06 9:30 26 22:00 51 
10/21/06 9:30 2.2     6/6/06 9:00 19.6 22:00 19.4 
10/22/06     22:00 1.5 6/12/06 9:00 133.4     
10/24/06 9:30 25.2     6/14/06 9:00 16.8     
10/26/06     22:00 5.5 6/15/06 9:00 2.4     

11/3/06 13:00 1.6 22:00 11.5 6/19/06 9:00 1.2     
11/5/06     22:00 2.0 6/27/06 10:00 53.2     
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Table 2. Monthly rainfall in El Refugio and Zoh Laguna 

Monthly cumulative rainfall in Zoh Laguna (ZL) and El Refugio (ER) from March 2005 
until June 2006 as compared to a 17-year average (and standard deviation) of ZL rainfall. 
The 17-year averages and standard deviation were calculated using a dataset of Zoh 
Laguna rainfall from Instituto Nacional de Estadística Geografía e Informática (INEGI) 
in Mexico. 
 
  El Refugio  Zoh Laguna      
  3/05-5/06 3/05-6/06 17-yr Mean 17-yr St.Dev. 
Month Rainfall (mm) Rainfall (mm) Rainfall (mm) Rainfall (mm) 
March '05 57.0 18.4 26.2 17.0 
April '05 35.5 89.0 49.7 45.0 
May '05 148.1 80.8 64.4 46.6 
June '05 57.4 136.1 110.9 58.5 
July '05 57.9 69.2 126.7 57.3 
August '05 135.5 200.2 105.1 52.6 
September '05 181.6 189.6 171.6 101.4 
October '05 63.0 169.2 94.5 50.6 
November '05 25.9 38.4 60.7 36.7 
December '05 5.0 0.0 41.8 35.7 
January '06 9.0 12.4 39.5 22.6 
February '06 0.0 15.8 24.8 17.8 
March '06 7.3 53.9 26.2 17.0 
April '06 0.0 5.0 49.7 45.0 
May '06 135.3 116.8 64.4 46.6 
June '06 - 255.4 110.9 58.5 
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Table 3. Monthly throughfall: 20-year acahual versus montaña, El Refugio 2005 

Throughfall was collected from three 5-liter collectors in each of two adjacent forest 
stands (a 20-year acahual and a montaña) in El Refugio. Each collector was two meters 
above the forest floor and was covered by a screen to prevent contamination.  Samples 
were taken at the end of three months, rendering cumulative monthly values for July, 
August, and September. Samples were analyzed colorimetrically for inorganic P (Murphy 
and Riley 1962) on an Alpkem Flow Solution IV Autoanalyzer (OI Analytical; College 
Station, Texas, USA).   
 

Date Forest Collector (#) [PO4
-3] (mg/L) Mean St. Dev. 

July  20-y acahaul 1 0.078 0.096 0.025 
 2005   2 0.114     
    3 0.522*     
  montaña 1 0.059 0.082 0.042 
    2 0.057     
    3 0.130     
August  20-y acahaul 1 0.063 0.048 0.013 
 2005   2 0.044     
    3 0.038     
  montaña 1 0.215* 0.047 0.012 
    2 0.039     
    3 0.056     
September 20-y acahaul 1 0.028 0.034 0.005 
 2005   2 0.037     
    3 0.035     
  montaña 1 0.040 0.043 0.004 
    2 0.041     
    3 0.048     

* These values were considered outliers and removed from analysis.
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Table 4. Storm throughfall: 4-yr acahual, 20-yr acahual, & montaña, El Refugio ‘06 

Throughfall was collected from adjacent stands of 4-year acahual, 20-year acahual, and 
montaña. In each of the forests, three 15-m long transects were laid out (see Figure 10). 
Fourteen 10-liter throughfall collectors were installed 40 cm above ground every 3 meters 
along each transects; collectors were covered with a mesh (approximately 1 mm) to 
prevent contamination. The first collection occurred on June 3, 2006 following a one-
week long dry period.  The second occurred on June 4.  
 
Throughfall June 3 June 4 

Collector (#) [PO4
-3] (mg/L) [PO4

-3] (mg/L) 
4-year acahual   

1 0.023 0.026 
2 0.028 0.030 
3 0.026 0.027 
4 0.063 0.028 
5 0.027 0.026 
6 0.025 0.024 
7 0.053 0.024 
8 0.021 0.025 
9 0.023 0.027 

10 0.024 0.029 
11 0.022 0.028 
12 0.032 0.027 
13 0.022 0.026 
14 0.019 0.022 

20-year acahual   
1 0.039 0.023 
2 0.067 0.023 
3 0.000 0.027 
4 0.000 0.032 
5 0.050 0.040 
6 0.018 0.032 
7 0.109 0.035 
8 0.369* 0.040 
9 0.027 0.032 

10 0.039 0.031 
11 0.020 0.029 
12 0.074 0.029 
13 0.045 0.027 
14 0.014 0.029 

montaña   
1 0.151 0.031 
2 0.024 0.026 
3 0.031 0.029 
4 0.032 0.026 
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5 0.046 0.027 
6 0.047 0.025 
7 0.045 0.027 
8 0.099 0.022 
9 0.182 0.031 

10 0.023 0.020 
11 0.037 0.026 
12 0.040 0.025 
13 0.038 0.028 
14 0.042 0.034 

* These values were considered outliers and removed from analysis.
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Table  5. Forest age, lysimeter depth, and installation date for each lysimeter.   

Forty-six zero-tension lysimeters were installed in a concentrated region in the SYPR 
(see Figure 10).  All montaña are assumed to be 50 years; acahual ages from 10 to 25 
years. In most cases, two deep(D)-shallow(S) lysimeter pairs (A and B)  were installed 
per site.  For each pair, one lysimeter was installed in the root zone (AS) and one was 
installed below the root zone (AD). The specific depths of deep and shallow lysimeters 
vary due to differences in the soil profile at each site.    
 
Site Age Depth (cm) Date Installed 
  AD   AS  BD BS  
1 20 25 9 48 5 3/6/05 
2 50 35 15 55 5 3/6/05 
3 50 52 27 29 10 3/12/05 
4 25 20 8 30 10 3/12/05 
5A 25 25 1 n/a n/a 3/12/05 
5B 10 n/a n/a 13 2 3/12/05 
6 20 45 10 n/a n/a 3/12/05 
7 15 13 7 25 7 5/26/05 
8 50 19 8 19 8 5/26/05 
9 10 19 7 14 5 5/26/05 
10 50 16 3 19 3 5/26/05 
11 12 21 4 27 12 5/30/05 
12 50 15 5 20 8 5/30/05 
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Table 6. Leachate [P] and volumes from lysimeters, SYPR May 2005 – June 2006. 

Leachate was collected from forty-six zero-tension lysimeters during 2-4 week intervals 
during the wet season months from March 2005 through May 2006.  Lysimeters are 
identified by their site number (1-12), replicate letter (A or B), and depth class (D (deep) 
or S (shallow))  (e.g., 5AS identifies shallow lysimeter A at site 5). Table 5 gives the age, 
specific depth, and installation date information for each lysimeter.   
 
Lysimeters were installed and monitored by groups.  For each group, the volume (mL) 
and [P] (mg/L) from each collection time are denoted.  The amount of rainfall (mL) since 
the last collection, based on rain records from the closest rain gauge, is also presented. 
 
 
Key: 
-   No sample was available for analyzed for [P] from that time. 
?  Either samples or volume information were lost. 
x  Samples not collected due to problems with the lysimeter  (e.g., detached bottle) 
#.## [P] values that were >0.50 mg/L and removed from analysis (contaminated). 
   

  V [P] [P] V [P] V [P] [P] V [P] V [P] V [P] V [P] V [P] 
Date 5/23   5/30  6/27   7/29  8/29  9/29    5/28-6/2 
Rain 152   87  56   46  136  96    324  
1AD 0 - - 40 ? 0 - - 30 0.17 30 0.15 1000 0.10   80 ? 
1AS 60 0.08 - 120 0.08 80 0.11 0.10 100 0.10 170 0.10 1000 0.10   690 1.28 
1BD 0 - - 0 - 0 - - 0 - 0 - 160 0.15   40 0.11 
1BS <10 - - 140 0.10 30 0.11 - 30 0.11 110 0.10 1000 0.12   190 0.60 
6AD 0 - - 0 - 0 - - 0 - 0 - 0 -   0 - 
6AS 0 - - 0 - 0.0 - - 0 - 0 - 0 -   340 0.14 
2AD 0 - - 0 - ? ? - 0 - 0 - 30 0.16   0 - 
2AS 80 0.18 0.16 60 0.17 ? ? - 30 0.26 30 1.16 390 0.15   240 0.20 
2BD 0 - - <10 - ? ? - 0 - 0 - 0.0 -   50 0.05 
2BS 60 0.09 - 60 0.12 ? ? - 30 1.22 30 0.23 30 0.22   230 0.13 
Date 5/22     7/5   7/21  8/23  9/23  10/23  5/28-6/2 
Rain 129     170   40  128  95  169  181  
5AD 0 - -   0 - - x - <10 - x - 69 0.59 0 - 
5AS 500 0.05 0.12  1000 0.06 - 450 0.04 510 0.04 220 0.05 1000 0.05 1000 0.06 
5BD 0 - -  70 0.08 - <10 - 80 0.02 120 0.05 30 0.26 150 2.08 
5BS 0 - -  540 0.07 0.07 210 0.04 140 0.04 170 0.07 760 0.07 600 0.06 
Date    5/30 7/5   7/21  8/23  9/23  10/23  5/28-6/2 
Rain    0  59   37  128  95  169  181  
11AS      0 - - 60 0.05 <10 - 30 0.06 0 - 150 0.08 
11AD      0 - - 0 - 30 0.05 30 0.06 0 - 80 0.67 
11BD      0 - - 0 - 20 0.08 20 0.12 50 0.10 80 0.10 
11BS      0 - - 0 - 0 - 0 - 240 0.08 500 0.10 
12AS      90 0.06 - 160 0.03 230 0.05 220 0.06 40 0.05 x - 
12AD      0 - - 0 - 0 - 30 0.10 30 0.06 x - 
12BD      40 0.64 - 80 0.02 60 0.05 50 0.06 30 0.04 0 - 
12BS      40 0.06 - 30 0.03 70 0.02 370 0.05 70 0.05 900 0.06 
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 V [P] [P] V [P] V [P] [P] V [P] V [P] V [P] V V [P] [P] 
Date 5/21   5/31  6/17   7/22  8/21     5/28-6/2  
Rain 130   58  80   92  82     672   
3AS x - - 80 0.28 400 0.08  120 0.07 180 ?  x - - 
3AD 1000 0.07 - 0 - 80 0.08 - <10 - 60 0.06  1000 0.08 0.08 
3BD 0 -  <10 - 30 0.12 - <10 0.09 280 0.07  500 0.06 0.05 
3BS 460 0.08 - 170 0.06 390 0.07 - 30 - 630 0.07  1000 0.09 0.06 
4AD 0 - - 0 - 0 - - x - 0 -  1000 0.11 0.10 
4AS 130 0.10 0.09 30 - 1000 0.08 - 270 0.11 830 0.09  1000 0.10 0.09 
4BD 0 - - 0 - 0 - - <10 - 30 0.09  1000 0.10 0.08 
4BS 1000 0.06 - 140 0.11 1000 0.07 - 30 0.08 30 0.08  230 0.28 0.25 
Date  5/26 5/31  6/17   7/22  8/21  11/1  11/30 5/28-6/2  
Rain  0  7  101   71  82  510   150   
7AS    0 - 0 - - <10 - 0 - 30 0.09 0 0 - - 
7AD    0 - 0 - - x - 0 - <10 - 0 0 - - 
7BS    0 - ? 0.07 - 0 - 0 - 30 0.11 0 0 - - 
7BD    0 - ? 0.08 - 0 - 0 - 30 0.09 0 0 - - 
8AS    0 - ? 0.07 - 40 0.14 0 - 50 0.11 0 140 2.33 - 
8AD    0 - <10 - - 0 - 0 - <10 - 0 0 - - 
8BS    0 - ? 0.10 - 30 0.12 30 0.10 30 0.10 0 90 0.41 - 
8BD    0 - <10 - - 0 - 0 - 30 0.09 0 0 - - 
9AS    0 - <10 - - <10 - 0 - 80 0.13 0 60 - - 
9AD    0 - ? 0.17 - 0 - 0 - 0 - 0 30 - - 
9BS    0 - ? 0.81 - <10 - 0 - 0 - 0 50 4.80 - 
9BD    0 - ? 0.20 - 30 0.17 0 - 40 0.12 0 60 0.47 - 
10AS    0 - ? 0.14 - 0 - 0 - 240 0.20 0 200 0.28 - 
10AD    0 - ? 0.07 0.07 0 - 0 - 40 0.07 0 210 0.06 - 
10BS    0 - ? 0.08 - 60 0.05 30 0.09 90 0.08 0 90 x - 
10BD    0 - ? 0.05 - 0 - 0 - 30 0.06 0 45 0.11 - 
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Table 7. Incubation vs. Slurry method for determining bioavailable P in SYPR soils 

 
Field-moist montaña soils were extracted for inorganic P using two different AEM 
methods over the course of 2 weeks.  For the incubation method,  AEMs were allowed to 
incubate with the soils from time 0 until the time of extraction.  For the slurry method, a 
subsample of soil (10 g) was removed at time t; the soil was then mixed with 30 ml of 
deionized water and an AEM for 16 hours.  
 
Type Time Mean PO4

-3 St. Dev 
  (days) (µg/AEM) (µg/AEM) 
Incubation 1 0.50 0.17 
  2 0.77 0.39 
  3 0.44 0.24 
  4 0.47 0.11 
  8 0.81 0.18 
  9 1.11 0.54 
  11 1.06 0.82 
  12 0.61 0.16 
  14 1.00 0.44 
Slurry 1 0.62 0.16 
  2 0.81 0.07 
  3 0.43 0.37 
  4 0.36 0.03 
  8 0.45 0.11 
  9 0.70 0.01 
  11 0.61 0.01 
  12 0.25 0.14 
  14 0.22 0.18 
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Table 8. Moisture control on soil P bioavailability, Virginia. 

Different moisture treatments were applied to soils from a Virginia forest and 
bioavailable P was estimated with AEM incubations.  Treatments included soils that were 
air-dried (and never re-wet), air-dried and re-wet (to 23 – 84% gravimetric soil moisture 
(GSM)), and soils that were field-moist (neither dried nor rewet). The slurry method was 
also used to determine P on field-moist 23%  soil for all days expect the final day. Table 
A gives averaged values per AEM for each moisture level and extraction time; Table B 
gives the concentrations of P in 20 ml of extract solution for all of the samples 
 
Table 9A (µg P/AEM) 
Treatment GSM* Day after Rewetting        
    1 2 3 5 9 16 36 

Dried 3 % 0.06 0.03 0.03 0.10 0.08 0.08 0.09 
Dried, rewet 23 % 0.82 0.57 0.44 0.41 0.34 0.42 0.65 
 33 % 1.11 0.87 0.55 1.36 0.52 0.76 0.98 
  47 % 1.31 1.37 0.81 0.97 0.79 1.07 0.62 
  60 % 1.42 1.41 1.01 0.89 1.08 1.00 0.87 
  69 % 2.10 1.68 1.50 1.53 1.21 1.43 0.73 
  84 % 2.42 1.82 1.57 1.62 1.37 2.04 1.19 
Field-moist 23 % 0.23 0.16 0.17 0.22 0.24 0.35 0.28 
Slurry 3 % 4.55 3.12 3.49 4.37 4.82 7.09  x 
 
Table 9B (mg P/L) 
Treatment  GSM* Rep. Day after Rewetting         
    1 2 3 5 9 16 36 
Dried 3 %   0.005 0.001 0.002 0.003 0.003 0.004 0.004 
      0.001 0.003 0.001 0.007 0.005 0.004 0.005 
Field-moist 23 % 1 0.006 0.006 0.014 0.014 0.014 0.015 0.019 
    2 0.014 0.013 0.008 0.005 0.011 0.024 0.013 
    3 0.014 0.005 0.004 0.013 0.011 0.014 0.010 
Dried, rewet 23 % 1 0.035 0.023 0.019 0.027 0.012 0.030 0.031 
    2 0.047 0.034 0.024 0.014 0.022 0.011 0.034 
  33 % 1 0.056 0.044 0.028 0.068 0.026 0.038 0.049 
  47 % 1 0.059 0.072 0.041 0.046 0.038 0.054 0.029 
    2 0.072 0.064 0.040 0.051 0.042 0.052 0.032 
  60 % 1 0.071 0.070 0.051 0.044 0.054 0.050 0.044 
  69 % 1 0.105 0.084 0.075 0.076 0.061 0.071 0.036 
  84 % 1 0.121 0.091 0.079 0.081 0.068 0.102 0.060 
Slurry 3 % 1 0.225 0.173 0.223 0.300 0.209 0.184 x 
    2 0.218 0.160 0.109 0.273 0.146 0.247 x 
 


