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I.   INTRODUCTION

Globally, tropical secondary forests are being created at a rapid rate. During the

1990s, 15.2 million hectares of primary tropical forest were lost annually (ITTO 2002).

The International Tropical Timber Organization (ITTO) estimates that as of 2000,

secondary or degraded forests made up 850 million hectares, or approximately 60%, of

tropical forests worldwide (ITTO 2002). In tropical America alone there are 38 million

hectares of secondary forest (ITTO 2002). Dry tropical forests, which are better suited for

human habitation and economic pursuits than wetter tropical environments, are especially

subject to pressure from human activities because of their association with large

population centers (Murphy and Lugo 1986). In Mexico, where dry tropical forest covers

8% of the country (Read and Lawrence 2003), forest conversion for agriculture is

producing large tracts of secondary forest (Turner et al. 2001). Between 1977 and 1992,

the mean annual deforestation rate in tropical Mexico was 1.9% (Cairns et al. 2000).

During this time period, the total area of Mexican tropical forest was reduced by 26%,

while agricultural land increased by 64% (Cairns et al. 2000). In the Southern Yucatan

Peninsula Region (SYPR), the last frontier of development in tropical Mexico, the same

pattern of deforestation has occurred apace. Between 1975 and 1985, the region was

deforested at an annual rate of 2%, primarily for agricultural purposes (Turner et al

2001).

Properly managed, secondary tropical forests may be effective tools for the

conservation of biological diversity and the maintenance of agricultural production,

thereby alleviating pressure on remaining primary forest (Brown and Lugo 1990). The

forests’ ability to perform these ecological services depends on whether the cumulative
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effects of land-use activity impact soil fertility, biological diversity, resistance to

disturbance, and resilience following disturbance. While ecologists have long studied the

role of disturbance, studies characterizing the effect of repeated human disturbances are

rare. As changes in land use continue to alter the structure and function of tropical

forests, ecologists must recognize that human activity has an ecological legacy (Foster

2003), which may alter the subsequent value of disturbed ecosystems in terms of human

use (Lawrence and Foster 2002).

Ecologists have considered the effects of land use after a single cultivation-fallow

cycle (e.g. Uhl 1987), but few have investigated the long-term effects of shifting

cultivation (but see, for example, Lawrence and Schlesinger 2001). In the southern

Yucatan peninsula, where many agricultural communities have existed for only the past

20-30 years (Lawrence and Foster 2002), some secondary forest stands have already

experienced 3 cultivation-fallow cycles. Because people in many parts of the tropics

often reuse land once they have converted it, it is particularly important to study the

impact of repeated human use on ecosystem processes, and the implications these

activities have for maintaining agricultural production in the future, or fostering future

forest development.

In this study, I consider the effect of shifting cultivation on the chemical and

spatial distribution of soil properties in a dry tropical forest in the SYPR. In Chapter 1, I

examine, first, how land-use change from mature forest, to cultivated field, to forest

fallow alters the distribution of soil phosphorus in the top 15cm of soil. The second

portion of this chapter focuses on the trajectory of soil P transformations during repeated

cultivation-fallow cycles. In Chapter 2, I investigate the influence of forest clearing and
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regrowth for shifting cultivation on the spatial distribution of soil properties in the top

5cm of soil in forest fallows.
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CHAPTER 1

PHOSPHORUS DYNAMICS IN A MEXICAN AGROECOSYSTEM

Introduction

Phosphorus (P) is one of the most limiting nutrients in tropical forests (Vitousek

1984, Cleveland et al. 2002). Not only is phosphorus tied to productivity in forests, but

the loss of available inorganic P and total organic P during cultivation is a principle cause

of declining agricultural productivity in the tropics (Tiessen et al. 1983, Tiessen et al.

1994). The restoration of these P pools during the fallow period is key to the recovery of

soil fertility under shifting cultivation. A successful yield under shifting cultivation

depends on the release of nutrients previously sequestered in the forest biomass, typically

through felling and burning. However, a balance between the mobilization and

conservation of nutrients must be struck in order to maintain economic returns while

minimizing soil degradation (Tiessen 1998). Understanding the dynamics of P

transformation following shifting cultivation is important for developing sustainable

agricultural systems as well as for identifying constraints on alternative land uses. As the

area of dry tropical forest converted for use in shifting agriculture increases, having more

quantitative information available about the transformations of soil P during shifting

cultivation will become increasingly important for assessing constraints on future

agricultural productivity.

Garcia-Montiel et al. (2000) hypothesized that P dynamics after forest conversion

to pasture would mirror the model of P transformation over the course of soil

development put forth by Walker and Syers (1976) with two exceptions. First, burned

aboveground biomass rather than primary calcium phosphate minerals would supply P to



5
the system. And second, the shift to organic P and occluded P would occur much more

rapidly (<50yrs) in a human disturbed ecosystem on weathered soils. Studying Ultisols in

the Amazon where moist tropical forest stands had been converted to pasture, they found

that organic P increased as predicted, while in contrast to the model, non-occluded P

remained a significant portion of total P, and occluded P decreased slightly in older

pastures.

Working in a moist tropical forest in Indonesia that had experienced shifting

cultivation over 200 years, Lawrence and Schlesinger (2001) examined the effect of

forest conversion for shifting cultivation, rather than pasture establishment, on long-term

soil P dynamics. In these Ultisols, they found that organic P increased and occluded P

remained constant, while non-occluded Pi decreased. These results support the

conceptual model proposed by Garcia-Montiel et al. (2000) which states that human

disturbance hastens the P transformations predicted by Walker and Syers (1976).

While the model suggested by Garcia-Montiel et al. (2000) works in some

settings, Tiessen et al. (1983) reported a different set of P transformations in the Ca-rich

soils of the Canadian prairie. They found that after 60-90 years of cultivation with 2-year

wheat-fallow rotations, Ca-bound and Residual P increased at the expense of labile and

organic P. In their study, the impact of cultivation on P supply was greater than might be

expected from the relatively small decrease in total P because of the shift away from the

labile P fractions and the pools that replenish them toward more stable and insoluble

fractions. The authors conclude that the Ca-bound fraction acts as a sink for P, which

competes with crops for available P, and that continuous cultivation diminishes the soil’s

P supplying capacity (Tiessen et al. 1983).
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To better understand the dynamics of soil P under shifting cultivation in tropical

Ca-rich soils, I sampled secondary forest fallows that represent a gradient of fallow age

and cultivation history, as well as mature forest and cultivated fields. Using a space-for-

time approach and controlling for differences in inherent soil fertility, I was able to

consider how repeated cultivation cycles affect P stocks in the soil. The main objectives

of this study were to determine whether:

1) shifting cultivation in dry tropical forest results in the redistribution of soil P

out of available inorganic P and organic P fractions and into less biologically

available fractions as Tiessen et al. (1983, 1994) have suggested;

2) these effects persist through repeated cultivation-fallow cycles; and

3) the amount of total and available P that remain after several cycles of

cultivation suggest that shifting cultivation at this site is sustainable or not.

I hypothesized that the disturbance associated with shifting cultivation would

initiate a redistribution of soil P. In particular, I expected a pulse of available P after

forest felling and burning. However, the pulse should ultimately accumulate in the

occluded fractions (Residual and Ca-bound P) at the expense of the labile and non-

occluded fractions (Bic-P and NaOH-P). I hypothesized that each successive cultivation

cycle would begin the redistribution process anew. Therefore, I expected to see a steady

increase in the size of the occluded fractions with increasing cultivation history. Finally, I

hypothesized that shifting cultivation as currently practiced at this site would not

maintain the current levels of available P. I expected total P to be highest during the first

cultivation-fallow cycle due to the input of P stored in the mature forest biomass and to

decline with each subsequent cultivation cycle.
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Methods

Study Site: Land-use history

The SYPR has a long history of human use that has had ecological effects on a

local to regional scale. The Maya period, which began around 1000BC and lasted for

nearly 2000 years, represents the first major occupation of the region. At its peak,

population densities in the SYPR approached or exceeded 100 people/km2, requiring

large-scale intensive agriculture that contributed to widespread deforestation (Turner

1974, Turner et al. 2001). Although the forests in the SYPR were relatively undisturbed

for nearly a millennium following the depopulation of the region between 800 and

1000AD, prehistoric use has left a lasting mark on the region’s forests. Presumably

because of Mayan agroforestry practices, modern forests have an abundance of

economically valuable species (Gomez-Pompa et al. 1987); on a local level, Mayan ruins

can determine forest microtopography (Foster et al. 2003) and contribute to stands of

trees adapted to Maya-disturbed soils (Lambert and Arnason 1981).

A second wave of settlement began at the start of the 20th century when the

government opened the region to chicle extraction. Later, in the 1930s when timber

extraction began in earnest, the magnitude and extent of land-use impacts increased

dramatically. Within 50 years, mahogany and Spanish cedar, once dominant species, had

been almost completely eliminated (Turner et al. 2001, Klepeis 2000). Currently,

conversion of forest for agriculture is the leading cause of deforestation. Beginning in the

late 1960s, following the construction of a highway across the base of the peninsula,

government sponsorship of the ejido system and investment in large rice and cattle

projects encouraged an influx of settlers from other regions in Mexico. After a series of
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failures, the era of large-scale development projects has ended, but the area continues to

attract new settlers to engage in subsistence production of maize and, increasingly, the

cultivation of jalapenos for market (Klepeis 2000). Given the rate of continued settlement

and the move towards market-oriented production, it is unlikely that the pressure for

forest conversion will subside (Read and Lawrence 2003, Turner et al. 2001).

Site Description

The SYPR is a karstic upland dominated by Mollisols (Figure 1). Regionally,

parent material and topography, characterized by rolling limestone hills 20m to 60m high,

are relatively homogenous (Turner 1974). These shallow, calcareous soils are typified by

a high pH due to the calcium-carbonate-rich parent material. In addition, they have good

drainage because of their high organic matter content and the limestone bedrock (Turner

1974, Read and Lawrence 2003).

The ejido El Refugio (18° 49’ N, 89°27’W), established in the northern portion of

the SYPR circa 1980 (Klepeis 2000), was selected as representative of shifting

cultivation practices in the region.  Seasonally, the temperature is relatively stable,

ranging from an average 21.4°C in December to 26.6°C in May (mean annual temp.

24.4°C). There is little interannual variation in temperature; the coldest year on record,

1999, had a mean temperature of 22.0°C, while the warmest year, 1960, recorded a mean

temperature of 26.6°C. In contrast, rainfall in El Refugio (mean 890 mm/year) is highly

variable both intra- and inter-annually. Between 1952 and 1999, nearly three times as

much precipitation fell in the wettest year (1954, 1,634mm) than the driest year (1994,

552mm). Over the same period, monthly precipitation means ranged from 22 mm in
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March to 183.8mm in September (data courtesy of Instituto Nacional de Estadistica

Geografia e Informatica, available at http://www.inegi.gob.mx/geo/default.asp?e=04).

The dry season typically begins between November and January and lasts from 5-7

months (Lawrence and Foster 2002). Data from the last year on record, 1999, confirms

that January is at the start of the dry season and May at the end.

Figure 1. Map of the Southern Yucatan Peninsula Region (SYPR), which is outlined in green. El
Refugio, the focal point of this study, is marked by the heavy black arrow.

Ejidos are the basic unit of Mexico’s communal land tenure system. Ejido lands

are granted communally and the rights to use them are usufruct (Klepeis 2000). Decisions

about the internal organization of the ejido are made by ejido members. In El Refugio,

farmers are given a specific parcel of land to manage, although in other parts of the

SYPR individuals are not as closely tied to a particular location (Klepeis 2000). The

swidden cycle begins when the vegetation is felled; typically it is left to dry for several
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months, although the actual amount of time depends on the individual. Farmers then

try to time their burn so that it occurs just before the first rains. After slash-and-burn

clearing, maize (Zea mays L.) is planted, usually along with squash and beans (Klepeis

2000). The number of consecutive years this process is repeated as well as the length of

the fallow period varies according to the practices and preferences of a given farmer.

Research Design

I selected 17 secondary forest fallows, all within a 5-km radius of the ejido center.

Sites were chosen to represent a range of successional ages (time since abandonment) and

cultivation histories (Table 1). These stands had been used for shifting cultivation of

maize without chemical inputs, and ranged in age from 5 to 16 years since abandonment.

Wherever possible, I tried to sample stands of different ages farmed by the same family,

to reduce management and edaphic differences. In addition, I sampled three mature forest

sites, and three sites that were currently being cultivated, known locally as milpa. The

mature forest sites were all over 50 years old, although exact ages are unknown, and had

not been cultivated in recent history.  All of the forests in the SYPR, including those that

were later cultivated, may have undergone selective logging in the last 40-100 years.

Therefore, mature forest sites, which may have been logged, but have not been cultivated

in recent memory, represent a pre-cultivation state (Read and Lawrence 2003).

Throughout this paper, I use ‘cultivation history’ to describe the number of cultivation-

fallow cycles a site has undergone. ‘Land-use type’ is used to differentiate between

mature forest, secondary forest fallows, and cultivated fields.
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Table 1. Land-use history (owner, age, cultivation history, and number of years in
maize production) of the 23 sites. Age refers to the time since abandonment. ND = no
data.
Landowner Forest age

(years)
No.
Cultivation
Cycles

No. of yrs in
Maize
Production

Proximity to
Reference
mature
forest (km)

Rafael* Milpa 1 1 ~0.1
Rafael Milpa 1 2 ~ 0.1
Juan** Milpa 1 1 ~ 1.0
Alfredo 10 3 3 ~0.3
Alfredo 13 2 3 ~0.3
Hermilindo 5 1 5 ~1.0
Hermilindo 8 1 2 ~1.0
Hermilindo 15 1 2 ~1.0
Juan** 6 3 ND ~1.0
Juan** 10 2 4 ~1.0
Juan** 14 1 4 ~1.0
Juan** 16 1 1 ~1.0
Martin 6 2 ND ~0.3
Martin† 8 2 6 ~0.3
Martin 10 3 ND ~0.3
Rafael* 5 1 1 ~0.1
Rafael 8 1 ND ~0.5
Rafael*† 8 1 2 ~0.25
Rafael 12 1 ND ~0.5
Rafael* 14 1 1 ~0.25
Alfredo** Mature 0 0 na
Claudio Mature 0 0 na
Rafael* Mature 0 0 na
* Indicates sites included in Chronosequence 1. Two of Rafael’s sites were not included
in the Chronosequence because they were not sampled in May.
** Indicates site included in Chronosequence 2. Based on the proximitity of Juan’s and
Alfredo’s parcel as well as similarities between the size of P fractions between the two
parcels, I used Alfredo’s mature forest site as a proxy for a mature forest site on Juan’s
land which was not sampled.
† These two sites were sampled intensively for spatial distribution research described in
Chapter 2.
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Field Sampling

I sampled each site twice, once in January, 2003, at the start of the dry season, and

once in May, 2003, after the first heavy rains had begun. In January, one plot was

established in each site. Soil cores (2.5 cm diameter auger) were collected at 6 points

along two perpendicular transects (Figure 2a). At each sampling point, the forest floor

litter was removed from a circular patch (40 cm in diameter) and three cores of the top 15

cm of soil were collected. To improve the spatial extent of sampling, I established three

additional 200 m2 circular plots at each site in May. Within these plots, samples were

collected at 5 sampling points, one at the center and the others 8 m from the center along

orthogonal axes (Figure 2b). At each sampling point, I collected 2 cores (2.5cm diameter

auger) of the top 15 cm. After sampling, soils were air dried in the field, then sieved

(>2mm) in the laboratory. Soil cores collected in January were composited by site before

analysis (n=23). In May, soil cores were composited to yield one sample per plot, and,

hence, 3 samples per site. Of the 19 sites sampled in May, 5 were not large enough to fit

all 3 plots (n=51=(14*3)+(4*2)+(1*1)). In total, 74 (n=51+23) samples were analyzed.

Figure 2a. Sampling Design used in
January 2003. 23 sites were sampled using
this design.

Figure 2b. Sampling Design used in
May 2003. 19 sites were sampled
using this design. 5 of these sites
were not large enough to
encompass all 3 plots.

8 m

16
 m

12 m

Secondary forest stand Secondary forest stand

Samples
composited by
plot:

n = 23

Samples
composited by plot:

n = 51 =
(14x3)+(4x2)+(1*1)
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Laboratory Analysis

Part 1: Phosphorus Fractionation

Using Tiessen and Moir’s modification (1993) of the Hedley (1982) fractionation,

I measured pools of phosphorus through sequential extractions with progressively

stronger reagents. The P fractionation was performed on all of the composited samples

from both January and May (n=74=51+23). Soil samples weighing 0.5g (+/- 0.0025g)

were measured into centrifuge tubes, with a duplicate included every fifth sample.

Phosphorus was extracted with the following sequence of reagents: 0.5M NaHCO3

adjusted to pH 8.5 with1M NaOH, 0.1 M NaOH, 1M HCl, and concentrated H2SO4. For

each extraction 30 mL of reagent was added to the soil samples, which were then shaken

for 16 hours, and centrifuged for 10 minutes at 3200 rpm. After each extraction, the

supernatant was filtered through micropore filters (Whatman 42); this supernatant was

reserved for analysis of inorganic P. Extractants were stored in scintillation vials and

refrigerated until analyzed. After the samples had been filtered, an opening was made at

the base of each filter with a metal spatula and any soil residue on the filter was washed

back into the centrifuge tube with a few drops of the next reagent in the sequence. (Any

soil that the remained on the filter after the HCl extractant had been filtered was

discarded with the filter.) Finally, residual P was determined through digestion in

concentrated H2SO4 with repeated additions of 30% H2O2. Five mL of extractant were

used to determine Total P for bicarbonate-extractable P (Bic-P) and NaOH-extractable

(NaOH-P). Total P for the Bic-P fraction was determined through digestion with

ammonium persulfate and 0.9M H2SO4. Total P for the NaOH-P fraction was determined

through digestion in concentrated H2SO4with 30% H2O2 additions, employing the same
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method as for the Residual P digestion (modification suggested by H.Tiessen, personal

communication). Organic P was calculated by subtracting inorganic P from total P.  The

supernatant generated at each stage of the fraction was analyzed colormetrically on an

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

according to standard EPA methods for total P.

Although the phosphorus pools isolated by the fractionation procedure are

chemical, they can correspond to the biological availability of P in the soil (Tiessen and

Moir 1993). Labile P, comprised of the resin and Bic-P fractions, is generally thought to

be readily available to plants on a short time scale (Cross and Schlesinger 1995). NaOH-

P represents P bound to the outside of Iron (Fe) and Aluminum (Al) minerals, which

while less available to plants is stable and non-occluded (Lawrence and Schlesinger

2001). Phosphorus bound to calcium (Ca), either in the form of primary minerals like

apatite or secondary minerals like CaCO3 is extracted with dilute HCl. Finally, the

residual pool is thought to be physically occluded and only available to plants over very

long time periods or not at all (Lawrence and Schlesinger 2001). This pool is often split

further by extracting first in concentrated HCl, then in H2SO4. This study was designed to

explain dynamics in the more active fractions so the intermediate (conc. HCl) step was

eliminated.

Following Crews et al (1995) and Garcia-Montiel et al (2000), I grouped my P

fractions to match the P categories used by Walker and Syers (1976) in their model of P

transformation. Non-occluded Pi = Bic-Pi + NaOH-Pi; organic P = Bic-Po + NaOH-Po;

Ca-bound P = P extracted with HCl solution; occluded P = residual P. The values I

calculated for organic P will likely underestimate total organic P because I omitted the
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conc.HCl extraction which separates organic P from the residual fraction (Garcia-

Montiel et al 2000). Acknowledging this difference, I refer to non-occluded Po rather

than organic P in the results and discussion. Although the three studies mentioned above

call the Residual P fraction occluded P, I have opted to refer to that fraction simply as

Residual P. I have reserved the term occluded fractions to refer to Ca-bound + Residual

P. See Cross and Schlesinger (1995) for a review and description of all the P fractions.

Part 2: Bulk density

Converting P concentrations to P content requires a value for bulk density. I

calculated bulk density using Rawls’ (1985) equation that incorporates sand, clay, and

organic matter content (OM). Rawls (1985) found that his equation consistently

overestimated bulk densities in surface soils, and recommended that values for the top

15cm of soil be reduced by 0.05 g/cm3; my calculations were adjusted accordingly.

Wherever possible, I used known sand, clay, and organic matter data to generate bulk

density for a specific site. Data on the physical and chemical properties of these soils

came from an earlier study that included some of the same sites (D. Lawrence, personal

communication; see Lawrence and Foster 2002 for a description of the methods). When

sites within a parcel of land belonging to one farmer were missing these data, I assigned

them the average bulk density for sites in that parcel. When I lacked the appropriate data

for entire parcels, I extrapolated bulk density from known aluminum concentrations and

the relationship between aluminum concentration and bulk density. I derived the

relationship between aluminum concentration and bulk density using data from the

Lawrence and Foster (2002) study. The Al concentrations for the two parcels without
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data on % sand, % clay, and OM content came from a laboratory analysis of soil

chemical properties performed by Brookside Laboratories (New Knoxville, OH) on

samples collected at these sites for use in another part of this study (see Chapter 2).

Assembling the Data Set

Preliminary analysis revealed no difference in P stocks based on stand age (Figure

3). Given the absence of an age effect, age was not considered in the following analyses.

Comparing sites by farmer (i.e. parcel location), I found that mean total P in Martin's

parcel (569 kg/ha) was higher than mean total P on Juan's (280 kg/ha) or Rafael's (267

kg/ha) parcel (repeated-measures ANOVA by farmer, P=0.06). Consequently, I

accounted for differences in P between sites based on their location within the ejido in

subsequent analyses.  Finally, because data from January and May were not independent,

I used repeated measures analyses to interpret my data set.

Analytical Approach and Statistical Analysis

The analytical approach used in this study was based on several related

assumptions. First, P levels in the mature forest were taken as representative of pre-

cultivation levels in nearby land. However, the total soil P of the three mature forest sites

ranged from 190 ± 61 kg/ha to 488 ± 31 kg/ha (figure 4). As a result of this variability, I

concluded that pre-cultivation P levels in the study area were spatially heterogeneous and

needed to be taken into account in the examination of P dynamics following cultivation.

In general, variation among mature forest sites (CV=50%) was higher than variation

within forest sites (CV=42-48%), which suggested that spatial heterogeneity was



17

Figure 3. The relationship between age and
P stocks in secondary forest fallows (5
to16yrs old), by fraction. Forest fallows are
represented by diamonds. The squares
indicate mature forest. Although the ages of
the mature forests are unknown (>50 yrs),
values from the mature forests have been
included for comparison with the forest
fallows.
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occurring on a large scale. In addition, variation on the ejido-scale (CV=40%) was higher

than variation on the scale of a farmer's parcel (mean CV =24%). The three mature

forests included in this study were separated from each other by approximately 3-5 km.

However, every farmer’s parcel was associated with a mature forest stand, and the

secondary forest stands within those parcels were all within ~1km of the reference mature

forest (see table 1). Thus, I assumed that sites close to one another (i.e. within the same

parcel, separated by ≤0.5km from each other, and ≤1km from the reference mature forest

stand) exhibited similar pre-cultivation nutrient levels.

I also assumed that soil P levels in mature forests have either remained constant

since before cultivation began or have changed in the same way at all mature forest sites.

The mature forest sites have experienced little human disturbance in the recent past and
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there was no visible evidence that natural disturbances had affected these sites

differently. Thus, both historical information (Klepeis 2000) and personal observation

support this last assumption. Finally, using data from nearby mature forest sites (≤ 1km

distant) as a proxy for original site conditions takes into account initial differences

between sites, but cannot account for differences resulting from different management

styles. Without more data there is no way of telling whether there are significant

differences between the farmers’ practices. For the purposes of this paper, I assumed that

management differences are minimal and differences in soil P can be attributed to initial

differences between sites and the time under cultivation.

Using a space for time approach entails the following assumptions: that the initial

conditions at all sites are the same and that all sites have the same trajectory through time

(Pickett 1989). Despite the potential limitations of this approach, it is the only way to

study how human use affects soil P in the absence of long term experimental plots that

follow the impact of forest conversion for agriculture over several decades.

Land-use type: milpa, fallow and forest

To determine whether shifting cultivation results in the redistribution of soil P, I

compared the size of P fractions in mature forests, milpas, and secondary forest fallows,

the land-use types that make up a complete cultivation-fallow cycle. However, only two

of the farmers’ parcels sampled for this study included both a currently cultivated site

(milpa) and a mature forest site in addition to secondary forest stands. To minimize the

confounding effect of initial differences in P levels, I limited the discussion of different

land-use types to those two parcels on which all three types had been sampled. Hereafter
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these parcels are referred to as Chronosequence 1 and Chronosequence 2. In addition

to one mature forest and one milpa site in each chronosequence, Chronosequence 1

includes 3 secondary forest sites, ranging in age from 5-14 years, all farmed by Rafael;

Chronosequence 2 includes 4 secondary forest sites, ranging in age from 6-16 years, all

farmed by Juan. To determine how the size of P pools changed between the milpa,

mature, and secondary forest sites, I used a repeated measures two-way ANOVA of land-

use type and chronosequence on P fraction data from the two chronosequences. To

determine how the proportional distribution of P changed with land-use type I compared

each fraction as a percent of total P. Because chronosequence had no significant effect in

the first analysis, I performed a one-way ANOVA with land-use type on the percent data.

Next, I expanded the analysis from a tightly controlled comparison of two

complete chronosquences to include all the mature and secondary forest stands sampled.

To determine if there were differences in P stocks based on land-use type when all

secondary and all mature forest stands were considered, I performed a repeated measures

ANCOVA using mature forest total P as a covariate. P fractionation data used in this test

included both January and May data. I have assumed total P in mature forests

approximates pre-cultivation P stocks in nearby managed lands. Therefore, the amount of

total P (May data only) from nearby mature forest sites served as the covariate for

secondary forest stands within a particular parcel. At one parcel, the only data available

on mature forest total P was from the top 5cm and had been collected in May (see

Chapter 2). These results (0-5cm) were extrapolated to 15cm for use as a covariate.

Least-squares means, rather than arithmetic means, are reported for this and other

ANCOVAs used in this study because they take into account the effect of the covariate
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(Sokal and Rohlf 1995). To determine if the proportional distribution of P changed

with land-use type when all secondary and mature forest stands were considered, I

performed a one-way ANOVA with land-use type on the percent data.

Cultivation history: one vs. many prior cycles

All but two of the secondary forest sites in Chronosequence 1 and 2 had

experienced only one cultivation cycle. If the distribution of soil P changed significantly

after one cultivation cycle, what happened when a secondary forest site was cleared,

burned, and cultivated repeatedly? Only one farmer’s parcel included both stands that had

experienced one cultivation cycle and stands that had been cultivated repeatedly. The

others had either stands that had all undergone one cultivation cycle or stands that had all

undergone multiple cultivation cycles. Because high levels of total soil P tended to

coincide with stands that had longer cultivation histories and vice versa, original soil

fertility potentially confounded a determination of changes in soil P with cultivation

history. These circumstances made it difficult to determine whether sites that have

experienced multiple cultivation cycles have high total P because of their cultivation

history or whether these sites were originally more fertile, and have been cultivated

repeatedly as a result.

To evaluate how repeated cultivation affected the distribution of soil P in light of

differences in original fertility, I performed a repeated measures ANCOVA, again using

nearby mature forest total P as a covariate. In addition, I performed a repeated measures

ANOVA with cultivation history to determine if there were differences in P stocks as a

percent of total P based on the number of cultivation-fallow cycles they had experienced.
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My final analyses were qualitative rather than quantitative. Of the farmers

included in this study, only one, Juan, had secondary forest fallows that represented the

full range of cultivation histories (1, 2, or 3 times cultivated). To further examine trends

suggested by the prior analysis, I focused on his parcel. Using data from his parcel, I

compared the size of P pools and the percent distribution of P in stands that had been

cultivated once (n=2) and stands that had experienced multiple cultivation cycles (n=2).

Although I could not draw statistically significant conclusions because of the small

sample size, considering these four stands allowed me to look at the effect of repeated

cultivation in a way that minimized differences in management and original fertility, in

other words the most controlled setting possible given the limitations imposed by a

managed landscape.

To determine how P stocks changed over time, I plotted P fractionation data from

the 3 low fertility parcels (Alfredo, Juan, and Rafael) against cultivation history. This

analysis was limited to the three parcels with low original fertility to prevent initial

differences among sites with different cultivation histories from exaggerating any trends.

As a result of the small sample size there is a great deal of variability and patterns must

be interpreted cautiously. To expand this comparison to include all the secondary forest

sites, I performed an ANCOVA, using mature forest total P as a covariate, to find

differences in P stocks between stands never cultivated, cultivated once, cultivated twice,

and cultivated three times. I plotted the lsmeans for each P fraction derived from this

ANCOVA against cultivation history.
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Figure 5. The mean amount (kg/ha) of P in each fraction. Dark shading indicates the organic
portion of each fraction. The light shading represents the inorganic portion. Note that organic P
was not determined in the Ca-bound or Residual fraction. Data are from all 17 secondary forest
stands. Values are the mean of January and May results.

Results

Mature forest, milpa, and fallow: size and distribution of P fractions

In secondary forest stands, total soil P for 0-15cm ranged from 170 kg/ha to 728

kg/ha (mean 366 kg/ha, Table 2). In mature forest, total soil P ranged from 190 kg/ha to

488 kg/ha (mean 314 kg/ha). Fields currently under cultivation (milpas) exhibited the

least variability in total P, ranging from 284 kg/ha to 327 kg/ha (mean 304 kg/ha). In both

the secondary and mature forest, Residual P was the largest fraction, comprising 37% (±

2.7%) and 36% (± 4.6%) of total P, respectively. Ca-bound P was the largest fraction in

the 3 milpas, accounting for 31% (± 2.7%) of total P. In all three land-use categories,

non-occluded Pi (Bic-Pi +NaOH-Pi) was the smallest fraction (12% ± 1.2%, 16% ±

2.3%, and 22% ± 3.1%, respectively). Across all the secondary forest sites, the Bic-P

fraction was predominantly inorganic; organic P made up only 26 ± 3% of the pool. In

contrast, the NaOH-P fraction was more than half organic (60% ± 8%; Figure 5).



24
Effect of land use type on pool size

The conversion of mature forest to secondary forest through slash-and-burn

clearing, cultivation, and finally site abandonment produced significant changes in the

size of several P fractions. The highly available Bic-Pi was greatest following forest

conversion to milpa (P<0.0001, Figure 6a), but levels in secondary forest were similar to

or below mature forest levels. Bic-Pi was 1.2 to 3.6 times greater in the milpa than the in

mature forest. Differences among land-use type were not significant for Bic-Po (P=0.87).

The effect of land-use type on NaOH-Pi was significant (P=0.0059), with milpas

showing higher levels than mature or secondary forest. In Chronosequence 1, NaOH-Pi

peaked in the milpa, whereas in Chronosequence 2, NaOH-Pi did not differ substantially

among land-use types (significant chronosequence effect P=0.0367 and interaction effect

P=0.0098; Figure 6c). The NaOH-Po fraction did not differ significantly among land-use

types. Non-occluded Pi (Bic-Pi + NaOH Pi) was significantly higher in the milpa

(P<0.0001) than in the mature and secondary forest (Figure 6e). The amount of non-

occluded P in the milpa was 1.1-2.6 times greater than in the mature forest. Given the

variability in Bic-Po and NaOH-Po, it is not surprising that P bound in organic forms

(Bic-Po + NaOH-Po) did not show a significant trend with land-use type (P=0.93, Figure

6f).

Ca-bound P was 1.5 to 3.7 times higher in milpa than in mature forest (P=0.0757,

Figure 6g). The levels of Ca-bound P in the secondary forest were lower than in the

milpa, but remained at a level higher than in the mature forest. In Chronosequence 2,

Residual P showed the opposite trend with land-use type: P levels were lower in the

milpa than in the mature forest and increased in the secondary forest to levels similar or



25
Figure 6. Phosphorus contained in different fractions in the top 15 cm of soil in two
chronosequences. Light bars represent Chronosequence 1. Dark bars represent
Chronosequence 2. Values shown are mean + 1 SE. Statistically significant differences
between land-use categories are represented with lower case letters. Chronosequence
effects were not significant. P values in figures refer to effect of land-use types.
Significant interactions are also noted.
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above the mature forest (Figure 6h). Residual P appeared to increase from mature forest

to secondary forest in Chronosequence 1, but a low January value for residual P in the

mature forest may be skewing the results. However, the effect of land-use type on

Residual P was not significant. Finally, there was no significant change in total P with

land-use type (P=0.85, Figure 6i).

Effect of land use type on proportional distribution of P

Land-use type also influenced the distribution of soil P in the 2 chronosequences.

In mature forest, a mean of 55% of soil P was in the occluded pools, Residual P and Ca-

bound P. The Residual fraction was the larger of the two, constituting 37% of total P

(Figure 7). Among the non-occluded fractions (both Pi and Po), organic P was greatest,
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comprising 27% of total soil P. After conversion to milpa through slash-and-burn

clearing, the percentage of occluded (48%) and non-occluded P (52%) was not

significantly different (P=0.52 and P=0.59, respectively), but the makeup of these two

categories underwent a pronounced shift. The percentage of non-occluded Pi rose from

18% to 25%, although the difference was not significant, while the percentage of organic

P remained constant (27%). Ca-bound P increased from 18% to 35% (P=0.0012) and the

percentage of Residual P fell from 37% to 13% (P=0.058) Taken individually, the same

pattern holds true in each of the chronosequences: the proportion of occluded and non-

occluded P remains relatively constant, but the percentage of non-occluded Pi and Ca-

bound P increased at the expense of Residual P.

The distribution of P in the secondary forest was different than that of either the

mature forest or the milpa, most notably the occluded fractions made up a larger portion

of total P (Figure 7). Combined, residual and Ca-bound P accounted for 59% of total soil

P in the secondary forest. Non-occluded Pi  (12%) comprised a smaller portion of total P

in the secondary forest than in the milpa (25%, P=0.03). The decline in Ca-bound P from

its peak of 35% in the milpa to 27% in the secondary forest was marginally significant

(P=0.08). Lastly, the Residual P in the secondary forest (32%) fraction returned to

roughly the same percentage as the mature forest (37%, P=0.6), more than double the

portion of that fraction in the milpa (13%, P=0.08). Comparing just the mature forest and

the secondary forest, the largest change occurred in the Ca-bound fraction, which

increased from 18% in the mature forest to 27% in the secondary forest (P=0.018). Non-

occluded Pi decreased by 6% (P=0.03) and residual P was 5% lower, but not significantly

different (P=0.6). Because total P remained roughly the same in all three land-use
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categories (ranging from 260-284kg/ha), these shifts in relative P distribution reflect

changes in the size of different P fractions.

Figure 7. Proportional distribution of P for the top 15 cm of soil in mature forest, milpa,
and secondary forest. A) P fractions (in kg/ha) as a portion of total P. B) P fractions as a
percent of total P.
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P Distribution in all secondary and mature forest sites

Comparing all secondary forest sites and all mature forest sites in a repeated

measures ANCOVA with land-use type, I observed similar trends, although the

differences between the two land-use types were only statistically significant for Bic-Pi

and non-occluded Pi (Figure 8). Bic-Pi was higher by 5.3 kg/ha in the mature forest

(P=0.045), while Bic-Po was not significantly different between the two forest types.

Although the difference was not significant, both NaOH-Pi and NaOH-Po were lower in

the secondary forest. Similarly, non-occluded Pi (NaOH-Pi + Bic-Pi) was significantly

lower (-8.9 kg/ha) in the secondary forest (P=0.0415). Organic P was also lower in the

forest fallow(107 v. 65 kg/ha), but again the difference between the two forest types was

not significant. In contrast, Ca-bound P (53 v. 83 kg/ha) and Residual P (86 v. 114 kg/ha)

were higher in the secondary forest than in the mature forest, although these differences

were not significant. Total P was higher in the secondary forest (328 kg/ha) than in the

mature forest (294 kg/ha), but the difference was not significant.

The difference in the distribution of P among all sites was similar to the difference

observed when just the 2 chronosequences were considered: the proportion of occluded P

(Ca-bound P + Residual P) was higher in the secondary forest than the mature forest

(Figure 9). Occluded P made up 54% of total P in the mature forest, but amounted to 64%

in the secondary forest. The percentage of residual P was similar for the two forest types,

36% in the mature forest and 37% in the secondary forest (P>0.8). However, Ca-bound P,

which accounted for 18% of total P in all the mature forest, made up 27% in the entire set

of secondary forest. This marginally significant shift in distribution (P=0.0759) took
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Figure 9. Proportional distribution of P for the top 15 cm of soil in mature forest and
secondary forest stands. A) P fractions (in kg/ha) as a portion of total P. B) P fractions as
a percent of total P.
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place at the expense of non-occluded organic P and non-occluded Pi, which made up

respectively 6% and 4% less of total P in the secondary forest.

The effect of repeated shifting cultivation

Total P in stands cultivated multiple times was higher than total P in sites

cultivated once (P=0.097) according to an ANCOVA with cultivation history using

mature forest total P as a covariate to account for differences in initial fertility. Total soil

P was 293 kg/ha in sites cultivated once compared to 397 kg/ha in repeatedly cultivated

sites (least-squares means reported in this section). Residual P was 1.6 times greater in

sites cultivated 2-3 times (153 kg/ha) than in sites cultivated once (96 kg/ha, P=0.0923).

Ca-bound P was also higher after multiple cultivation cycles (102 kg/ha) than after one

cultivation cycle (74 kg/ha), although the difference was not significant (P=0.27). Both

the pool of non-occluded Po (+36 kg/ha, P=0.12) and NaOH-Po (+35 kg/ha, P=0.106)

were larger in repeatedly cultivated sites, although this difference was not significant. In

stands that had been cultivated repeatedly, the NaOH-Pi (P=0.16) and the non-occluded

Pi (P=0.65) pools were similar to or slightly lower than those in the stands cultivated

once. Similarly, cultivation history did not have a significant effect on Bic-Pi (P=0.3) or

Bic-Po (P=0.18).

A second approach to determining whether there is a difference in P distribution

in stands that have experienced more cultivation-fallow cycles is to compare each

fraction as a percent of total P. By normalizing the data, I hoped to look at cultivation

effects independent of differences in original fertility. While total P varied greatly among

stands with different cultivation histories, most P fractions as a percent of total P did not
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differ significantly among stands (P>0.13, figure 10). Only percent NaOH-Pi, which

was lower in sites that had been cultivated multiple times (P=0.0421), was significantly

affected by cultivation history. In stands that experienced one cultivation cycle, NaOH Pi

made up 9.19% of total P, but accounted for just 5.59% after a second or third cultivation

cycle.

Juan’s Parcel: controlling for management and original fertility

Total P increased from 219.8 kg/ha in the sites cultivated once, to 340.7 kg/ha in

the sites cultivated multiple times (figure 11). The distribution of P changed with

cultivation history: Ca-bound and Residual P were greater in the two sites that had

experienced multiple cultivation cycles. Mean Ca-bound P was 50.6 kg/ha in the stands

that been cultivated once, but was 96.2 kg/ha in the stands that experienced multiple

cultivation cycles. Similarly, Residual P was 66 kg/ha in stands that were cultivated once,

but was 125 kg/ha in stands that had been cultivated repeatedly. Each of the occluded

fractions also made up a larger percent of total P after repeated cultivation: Ca-bound P

increased from 22% to 29%, while Residual P increased from 32% to 37%. In contrast,

non-occluded Pi was lower in the sites that had experienced multiple cultivation cycles

(30.3 kg/ha) than in the sites that had been cultivated once (38.5 kg/ha). At the same time

non-occluded Pi dropped from 18% to 9% of total. Organic P was a smaller percent of

total P in the stands cultivated repeatedly (24.8%) than in the stands cultivated once

(28.4%), although the actual quantity of organic P was greater in the repeatedly cultivated

forest stands.
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Figure 10. P fractions as a percent of total P for the top 15 cm of soil in forest fallows that
have been cultivated once and fallows cultivated 2-3 times. * indicates a significant
difference in percent based on cultivation history.

Figure 11.  Difference in P stocks by fraction of fallows cultivated once and stands
cultivated 2-3 times on Juan's parcel. Data = mean ± SE. Light blue bars indicate stands
cultivated once, purple bars indicate stands cultivated 2-3 times.
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Changes in P stock per cycle

For the three low fertility parcels, I plotted phosphorus content against cultivation

history but could not use linear regression because most of the data showed a quadratic

relationship (Figure 12). To estimate the change in P stocks per cycle I found the

difference between the P content of the mature forest and the P content of stands that had

been cultivated twice and divided by the number of cultivation cycles. Due to the large

standard error, which was in part a result of the small sample size (n=2 for cultivated

twice, cultivated three times, and mature), these results suggest a trend, but are not

statistically significant, and should be interpreted with caution. After two cultivation

cycles there was a net increase in all but Bic-Pi, NaOH-Pi, and non-occluded Pi. Total P

(115.5 kg/ha/cycle), Residual P (46.6 kg/ha/cycle), and Ca-bound P (32.3 kg/ha/cycle)

were all higher in the secondary forest sites that had been cultivated twice than in the

mature forest.  In contrast, there was no noticeable difference in the quantity of non-

occluded Pi after two cultivation cycles. I repeated this analysis using lsmeans from an

ANCOVA with cultivation history that included all mature and secondary forest sites.

The differences in P content based on cultivation history were not significant, but the

pattern was the same. After two cultivation cycles, there was a net increase in every

fraction but Bic-Pi, NaOH-Pi, and non-occluded Pi. The change in P stock per cycle was

greatest for total P (73.8 kg/ha/cycle), Residual P (38.9 kg/ha/cycle), and Ca-bound P

(33.2 kg/ha/cycle).

Every fraction appeared to reach its peak after two cultivation cycles. After the

third cultivation cycle, all P fractions were substantially lower. Non-occluded Pi and Po
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Figure 12. Changes in P stocks per cycle by fraction. Black diamonds indicate data from
three low fertility parcels (Alfredo, Juan, and Rafael). Data = mean ± 1SE. Blue triangles
indicate data from all secondary and mature forest stands. Data = lsmeans ± 1 SE.
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were at levels similar to or slightly lower than the mature forest. Ca-bound, Residual, and

Total P, which were lower than they had been after the second cultivation cycle,

remained at levels higher than both the stands cultivated once and the mature forest. Until

some stands have entered a fourth cultivation-fallow cycle, it will be impossible to know

whether this apparent decline in total P will continue.
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Discussion

The distribution of soil P through the transition from forest to milpa to fallow

A rise in available inorganic P after burning was expected because of the input of

nutrient-rich ash and the pyromineralization of soil nutrients (e.g. Giardina et al 2000,

Dockersmith et al 1999, Kauffman et al 1993). In addition to the input of labile Pi from

ash, data from milpas and adjacent mature forest suggest that the mobilization of

Residual P and, to a lesser extent, the mobilization of non-occluded Po contributed to the

increase in available Pi (figure 7). Contradictory trends in organic P in the two

chronosequences make the trajectory of non-occluded Po following land-use change

ambiguous. Ca-bound P acted as a strong sink for labile P: Ca-bound P levels in the

milpa were nearly double those in the mature forest as both a percent of total P and as an

actual amount. While Ca-bound and Residual P are generally thought to be relatively

stable fractions over short periods of time (Cross and Schlesinger 1995), Giardina et al.

(2000) reported similar changes after slash and burn clearing in Chamela, Mexico. They

hypothesized that soil heating was responsible for the transformations of soil P from

inorganic to organic forms and experimental heating in the laboratory has demonstrated

this effect (Lawrence and Schlesinger 2001). Residual P may have been depleted because

stabilized Po in that fraction was mineralized during the fire. The large flux in Ca-bound

P may occur because of the rise in pH after burning which increases the affinity of Ca2+

for P (Giardina et al 2000).

These effects do not persist past the milpa period. The secondary forest fallows,

however, represent a third state rather than a return to mature forest conditions. After

milpa abandonment and forest regrowth, Ca-bound and non-occluded P stocks in the
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forest fallows were smaller than they had been in the milpa, while Residual P stocks

were greater. This shift suggests that with time, and rapid nutrient cycling by the

secondary vegetation (Brown and Lugo 1990), P becomes more chemically and

physically occluded. Both the Ca-bound and Residual P pools in the secondary forest

were larger than those in the mature forest (figure 8), indicating that increases in total P

accumulate in these less-available fractions (figure 9). The fallow period did not enhance

the soil's P supplying power as the size of the non-occluded Pi fraction was lower in the

forest fallows than it had been in the mature forest and the non-occluded Po fraction did

not change. The fallow period produced a change in P distribution, most noticeably a

decrease in the proportion of P available over short to intermediate time periods from

46% in the mature forest to only 36% in the secondary forest fallows (figure 9). The

increase in percent Ca-bound P drives this shift in distribution: it made up only 18% of

total P in the mature forest, but 27% of total P in secondary forests. Interestingly,

although the magnitude of change was greatest in the Residual fraction, Ca-bound P was

the most dynamic based on percent flux. Both Ca-bound and Residual P were more

dynamic than expected, but these transformations are plausible, since the movement of P

into or out of these fractions is thought to take place over years to decades (Lawrence and

Schlesinger 2001).

The results of this study support Garcia-Montiel et al.'s (2000) assertion that the

disturbance associated with forest clearing initiates a rapid redistribution of soil P.

However, unlike the trajectory of P transformation observed by both Garcia-Montiel et al.

(2000) and Lawrence and Schlesinger (2001) on Ultisols, P does not accumulate in the

organic and Residual P fractions. Instead, as Tiessen et al. (1983) found after 60-90 years
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of continuous cultivation on Ca-rich temperate soils, P in these tropical Mollisols

moved through the readily available pools and non-occluded pools that supply them into

the less available Ca-bound and Residual P pools (figure 13). Garcia-Montiel et al.

(2000) hypothesized that P transformations occurred more quickly following human

disturbance because the Fe and Al oxides, which occlude P later in soil development in

the Walker and Syers (1976) model, are already present in heavily weathered tropical

soils. I propose a similar mechanism for Ca-rich soils. Instead of an abundance of Fe and

Al oxides, the soils at this site have an abundance of Ca. In alkaline soils like these (pH

~8.0), Ca2+ reacts quickly with P to form very stable calcium phosphate compounds

(Brady and Weil 1999), precipitating the increase in Ca-bound and Residual P predicted

by Tiessen et al. (1983) rather than the increase in organic and Residual P suggested by

Garcia-Montiel et al. (2000).

The effect of repeated cultivation-fallow cycles on soil P

Accounting for original fertility, I found that total P was higher in sites that had

experienced 2-3 cultivation cycles than in those that experienced only one. After more

than 1 cultivation cycle, non-occluded Po, Ca-bound P, and Residual P stocks were all

higher, while non-occluded Pi was lower (figure 11). Because of the large P inputs from

mature forest biomass, I expected that total soil P would be highest during the first

cultivation-fallow cycle (Lawrence and Schlesinger 2001, Garcia-Montiel et al. 2000).

However, total soil P appeared to reach its peak during the second cultivation cycle

(figure 12). The P content of mature forest biomass, estimated to be 106 kg/ha (see

appendix 1), is more than enough to account for the modest increase in total soil P (24
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kg/ha, difference between mature forest and stands cultivated once at three low fertility

sites) after one cultivation cycle.  It would also be adequate to supply the accumulation of

P in the secondary vegetation, estimated to range from 35-57 kg/ha depending on the

length of the fallow period. However, the P supplied by the mature forest vegetation

(~106 kg/ha) cannot account for all of the observed rise in total P (~147 kg/ha, difference

in lsmeans between mature forest and stands cultivated twice) after a second cultivation

cycle.

Some of the observed increase in total P after two cultivation-fallow cycles may

come from the nutrients released by decomposing woody debris. Buschbacher et al

(1988) found that woody residue in secondary tropical rainforest in the Amazon

(containing 15.1 kg P/ha) was an important source of nutrients for plant uptake. In this

study area, coarse woody debris (CWD) might contribute 11.5 kg P/ha over the first

cycle, and an additional 8.6 kg/ha over the second cycle (calculations based on 0.045% P

concentration in wood (Kauffman et al (1993) and CWD mass data (J. Eaton, personal

communication)). The net increase in P not accounted for by inputs from the biomass,

decomposing woody debris, and atmospheric deposition (not likely a significant source of

P on this time scale) must come from the soil. Observing a similar increase (up to 3.9

kg/ha/yr) in total P during repeated cultivation-fallow cycles in Indonesia, Lawrence and

Schlesinger (2001) hypothesized that deep rooting by secondary forest vegetation

increased surface soil P stocks, by transferring inorganic P to the surface and moving

organic P deeper in the soil. The role of roots in nutrient transfer may be even more

important in dry tropical forests, where allocation belowground is greater because of

drought stress. It has been reported that fine root production in dry tropical forests equals
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from 50 to 180% of aboveground litter production (Cuevas 1995). Over two

cultivation-fallow cycles, the net increase in total P is ~87 kg based on the 147 kg

increase in total soil P plus the 56 kg P stored in the forest biomass less the 106 kg of P

input from mature forest biomass. The apparent increase in total P over the first two

cycles (ca.  87 kg) means a net flux of 5 kg/ha/yr, assuming a mean fallow period of 10

years. Given that the input from litter in secondary forest stands is ~4 kg/ha/yr (Read and

Lawrence 2003), both living and dead roots may make significant contributions to the net

increase in soil P.

Although slash-and-burn clearing for shifting cultivation liberates large quantities

of nutrients essential for agricultural production, there are also many potential sources of

loss during the cultivation process that can contribute to an overall decline in total soil P.

Some of the aboveground P pool can be lost during combustion and subsequent wind

erosion of ash (Kauffman et al. 1993). Furthermore, soil is most vulnerable to erosion

immediately after burning, when bare ground is exposed to heavy rain (Maass et al.

1988). Soil P can also be lost through leaching, although Maass (1995) concluded that

losses due to leaching (5%) were insignificant relative to erosional losses (96%). Finally,

some P is also removed from the system during harvest. Given these potential sources of

loss as well as the observed increase in total P in the top 15 cm of soil, it appears that

roots may play a larger role in the P budget than previously considered.

Implications for continued cultivation

After 20-30 years, shifting cultivation in El Refugio has either maintained or

increased P stocks in the top 15 cm of soil, depending on the number of cultivation-
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fallow cycles a stand has experienced. With the exception of Bic-Pi, NaOH-Pi, and

non-occluded Pi, the size of the remaining P fractions have increased in actual amount

after two cultivation cycles. The distribution of these fractions has shifted, however, so

that following forest conversion for agriculture organic P and NaOH Pi, the fractions that

replenish the labile P pool over intermediate time periods (Tiessen et al. 1983) make up a

smaller percent of total P, while the percent P in the residual and Ca-bound fractions, the

less plant-available pools, has increased (figure 9).  That the amount of labile P (Bic-Pi

and Bic-Po) and non-occluded P (NaOH-Pi and NaOH-Po) did not change appreciably as

total P increased with repeated cultivation, suggests that increases in total soil P in this

system do not lead to increased soil fertility (figure 12).

The sustainability of this system beyond three cultivation cycles will depend on

whether P inputs from biomass, CWD, and especially deep rooting continue to offset

losses from the system. If fallow vegetation can tap into P pools below 15cm and

maintain the amount of total P present in the surface soil after three cultivation cycles,

agricultural productivity should not be adversely affected by continued cultivation.

However, in the long term, the movement of P into the Ca-bound and Residual fractions

diminishes the soil’s P supplying capacity (Tiessen et al 1983, Lawrence and Schlesinger

2001). If the amount of total P declines with continued cultivation (figure 12), then P

availability could be sufficiently depressed as a result of the transformation of P from

non-occluded to occluded forms to adversely affect plant productivity. In this case, forced

to rely on natural P inputs from atmospheric deposition and precipitation, which Murphy

and Lugo (1986) estimate to be 0.2 kg/ha/yr, it could take decades or centuries to restore

the P lost as a result of shifting cultivation.
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CHAPTER 2

THE EFFECT OF SHIFTING CULTIVATION ON THE SPATIAL
DISTRIBUTION OF SOIL NUTRIENTS IN CAMPECHE, MEXICO

Introduction

The combined effect of organisms and variation in topography, climate and parent

material create variation in soils on local to regional scales (Jenny 1941), yet spatial

patterns are rarely made explicit in studies of soil properties and soil nutrients, especially

in tropical forest ecosystems or tropical agroecosystems. Research in tropical, temperate,

and arid ecosystems has shown that individual plants have a lasting effect on the

chemical distribution of soil nutrients (Boeltcher and Kalisz 1990, Fernandes and Sanford

1995, Schlesinger et al. 1996, Dockersmith et al 1999), contributing to the spatial

heterogeneity of soil properties at a site. In fact, the impact of secondary vegetation on

soil fertility is the basis of shifting cultivation (Dockersmith et al 1999), although the role

played by secondary succession or the disturbance associated with cultivation in

structuring spatial patterns in the soil has received little attention.

If plants are an important source of heterogeneity for soil properties, it seems

likely that large changes in the plant community, like those that occur during cultivation

and succession, would also produce changes in soil heterogeneity. The ability of plants to

create, maintain and exploit spatial heterogeneity may be a factor affecting species

succession (Stark 1994) and the establishment and survival of seedlings (Lawrence 2003,

Huante et al 1995). Therefore, the scale and extent of spatial heterogeneity in soil

properties may influence species composition and distribution and possibly ecosystem-

level processes (Robertson and Gross 1994).
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 The objective of this study was to determine whether repeated disturbance

from shifting cultivation affects the distribution of soil properties in a Mexican tropical

dry forest. To explore spatial patterns in soil properties, I intensively three forest stands in

an ejido in Campeche, Mexico. Two of the stands were the same age, but had different

cultivation histories. For comparison, the third was a mature forest stand, which had not

been cultivated in recent memory. Because of the proposed connection between

vegetation and spatial patterning in the soil, I surveyed the vegetation at my study sites in

addition to sampling soil properties. Using geostatistics, I described the degree and extent

of spatial variability present at the sites. I hypothesized that plants would control the

spatial distribution of spatial properties. Therefore I expected to see a change in the scale

of spatial patterns due to changes in the size and structure of the plant community that

accompany forest clearing and regrowth. In addition, because of the hypothesized role of

plants in structuring spatial patterns, I expected to see any changes associated with

shifting cultivation to be most clearly reflected in biologically important elements.

Methods

Site Description: Regional history

The Southern Yucatan Peninsula Region (SYPR) has had a long history of human

use and occupation, beginning with the Maya period, which lasted from 1000 B.C. to

roughly 1000 A.D. The most recent period of intense use began at the start of the 20th

century when the government opened the region to chicle extraction. Between the 1930s

and the 1960s the timber industry boomed, but by the 1980s the most economically

valuable species had been almost completely eliminated (Turner et al. 2001, Klepeis
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2000). Currently, conversion of forest for agriculture is the leading cause of

deforestation. Beginning in the late 1960s, following the construction of a highway across

the base of the peninsula, government sponsorship of the ejido system encouraged an

influx of settlers from other regions in Mexico. The era of large-scale development

projects has ended, but the area continues to attract new settlers to engage in subsistence

production of maize and increasingly the cultivation of jalapenos for market (Klepeis

2000). Farmers in this region practice shifting cultivation; after the slash-and-burn

clearing of a tract of land, they cultivate it for several years, then abandon it, allowing

secondary vegetation to become established until they are ready to cultivate that parcel

again.

Study sites

For this project, I intensively sampled three forested sites in El Refugio (18° 49’

N, 89°27’W), an ejido located about 20km north of Highway 186, which runs across the

base of the Yucatan peninsula connecting the cities of Campeche, state capitol of

Campeche, and Chetumal, state capital of Quintana Roo. This area is part of a karstic

upland, characterized by rolling limestone hills 20m to 60m high (Turner 1974). Soils are

shallow and calcareous with a high pH because of the calcium-carbonate-rich parent

material. El Refugio has a mean annual temperature of 24.4° C and receives 890 mm of

rain annually although precipitation is highly variable both seasonally and interannually.

The typical dry season begins between November and January and lasts from 5-7 months

(Lawrence and Foster 2002). Due to the pronounced dry season, the dominant vegetation
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is characteristic of a tropical dry forest (maximum height ca. 12m, Read and Lawrence

2003).

Research Design

Three sites were selected to represent different cultivation histories, while

minimizing differences based on successional age. Two of the sites were 8-year old

secondary forest fallows. From interviews with local farmers, I selected sites that had

been used exclusively for shifting cultivation of maize without chemical inputs. One site

had undergone only one cultivation-fallow cycle. This secondary forest stand (R1,

identified by the farmer’s first

name, Rafael, and the number

of cultivation-fallow cycles)

was cleared from mature

forest, farmed for two

consecutive years, and then

abandoned 8 years ago. The

second site, M2 (within

Martin’s parcel), has

experienced two cultivation cycles. It was cleared from mature forest, cultivated for three

consecutive years, lay fallow for 6 to 7 years, was then cultivated for another three years,

and has been fallow for the past 8 years. The final site, M0, was located within a patch of

mature forest on Martin’s land. All the mature forest in El Refugio may have been

selectively logged in the past 40-100 years, but has not been cultivated in recent memory.

Soil sampling point
(n=40)

Tree with diameter at
breast height (dbh) < 5 cm

Tree with dbh > 5 cm

3 m

0.5 m

Legend

15 m

Figure1. Schematic of sampling design for each plot.
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Therefore even though this site may have been logged, it represents a pre-cultivation

state (Read and Lawrence 2003).

Field Sampling and Laboratory Analysis

In May 2004, two replicate plots were established at each site. In each plot, I laid

out two bisecting 15m-long transects.  Moving away from the centerpoint, each transect

was divided into meter-long segments and within each segment two to three sampling

points were selected at random (Figure 1). Soil samples (7.5cm diameter corer) of the top

5cm were collected at 40 points along each axis for a total of 80 samples per plot. After

sampling, soils were air dried, then passed through a 2mm sieve. Because of the

hypothesized relationship between vegetation and the spatial distribution of soil

properties, it was important to describe the characteristics of the plant communities in the

three stands. The location, species, and diameter at breast height (dbh, measured at 1.3 m)

were measured and recorded for trees along the grid. Trees > 5 cm dbh were sampled in a

strip 3m wide x 15m long on either side of the sampling axes (total sampling area 81 m2

per plot); stems 1-5 cm dbh were sampled in 0.5m x 15m strip on either side of the

sampling axes (total sampling area 29 m2 per plot).

Soil samples were analyzed by Brookside Laboratories (New Knoxville, OH) for

their chemical properties, including: Mehlich III extractable Ca, Mg, K, P, S, Mn, Cu, Zn,

B, Fe, and Al analyzed with Inductively Coupled Plasma Spectrometry. Soil organic

matter content (OM) was determined by loss on ignition at 360° C; soil pH was

determined in a 1:1 H2O solution; and total cation exchange capacity (TEC) was

calculated using the summation method (M. Flock, personal communication). In addition,
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a subset of samples were taken to the University of Virginia, digested in H2SO4 and

H2O2 (modified Kjehldahl digestion), and run according to standard EPA methods on an

Alpkem to determine total P. Known sand and clay content data for 12 additional sites in

El Refugio was compared to determine the variability in soil texture for the study area as

a whole (D. Lawrence, personal communication). One composited sample (from 32 soil

cores of the top 15cm) per site was analyzed at Brookside Laboratories for sand and clay

content (see Lawrence and Foster 2002 for a more detailed description of the methods).

Statistical Analysis

 To determine the general distribution of nutrients at each plot, the mean, standard

deviation, standard error, variance, and coefficient of variation were calculated for each

soil property at each of the 6 plots using SAS (version 8.2, SAS Institute Inc., Cary, NC).

To assess the similarity among and between sites, I performed a one-way ANOVA for

each property comparing the three sites (n=160 per site).  I also used a one-way ANOVA

to compare the six plots (n=80 per plot). I used spearman rank-correlation coefficients to

create a correlation matrix with the 15 properties considered. Because multiple

comparisons were made, a Bonferroni adjustment (P ≤.0006) was used to determine

significance. I also used linear regression to determine the effect of cultivation history on

soil sand and clay content. A two-way ANOVA was performed to determine the

relationship of age class and farmer with sand and clay content. To test for significant

differences in the range of autocorrelation for OM, P, K, and Al based on plot basal area

and stem density, I used linear regression. I selected OM, P, and K because they are

biologically important and their movement in the soil is, to varying degrees, biologically
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controlled. Al was selected for because it represents a different set of properties: it is

not essential to plant nutrition and its movement in the soil is geochemically controlled.

I used geostatistics to describe the spatial distribution of soil properties by

constructing semivariograms. A semivariogram is a graphic representation of spatial

dependence that is made by plotting the semivariance for all possible distance intervals

(Robertson and Gross 1994). The semivariance is calculated as:

γ(h) =    1     ∑  [z(xi) – z(xi + h)]
         2N(h)  N(h)

Where, γ(h) is the semivariance, h is the distance interval or lag, N(h) is the total number

of pairs separated by distance h, z(xi) is the value of the specified property at location xi,

and z(xi + h) is the value of that property at the location xi + h (Kaluzny et al 1998). The

distance interval (h) can represent either an exact distance (e.g. 20 cm), or a class of

distances, (e.g. 10cm – 30cm). Spatial autocorrelation occurs when two neighboring

samples are more similar than samples separated by a great distance (Robertson and

Gross 1994). When spatial autocorrelation occurs the semivariance rises to some

asymptote, the sill (C + C0), that approximates the population variance (see Figure 2).

Theoretically there should be no variance at 0 lag distance since a sample should be

perfectly autocorrelated with itself. However, this is rarely the case. Variance found at a 0

lag distance is called the nugget variance (C0) and represents either random sampling
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error, analytical/measurement error, or variance that occurs on a scale smaller than the

shortest lag interval. The range (A0) is the distance over which samples are

autocorrelated. Finally, the ratio of the nugget to the sill (C0 /C+ C0) describes the

proportion of the variance that it is not spatially dependent. Its counterpart, the ratio of C/

C+ C0
 reveals what portion of the variance is structural, in other words the magnitude of

spatial dependence. Although there are many different models that can be fit to a

semivariogram, the spherical model is most common. As outlined by Robertson and

Gross (1994), the ecologically significant functions of a semivariance analysis of soil

resources are to determine whether spatial dependence or patchiness exists for a resource,

how distinct the patches are, and finally the scale over which autocorrelation occurs, or

the patch size.

Figure 2. Theoretical semivariogram showing the change in semivariance with
increasing lag distance between pairs of sample points. The spherical model
shown occurs when samples are autocorrelated over range, Ao, and are
independent at all distances > A0. The nugget variance, C0, represents variation
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Nugget =  C0

Sill = C0 + C

C = Spatially
structured
variance

found on a scale finer than
the smallest distance
interval between points
measured in the field. The
random model is
appropriate when the soil
property is randomly
distributed. When there is a
large scale trend, but no
spatial patterning on the
sampling scale, then a
linear model is appropriate.
This graphic adapted from
Schlesinger et al (1996).

Random Model

Linear
Model
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S+ Spatial Stats (Version 1.5, Insightful Corporation, Seattle, Washington) was

used to construct semivariograms and fit models to data on OM, P, K, and Al collected in

the field. Before fitting models to the semivariograms I checked the data for normality

and stationarity. Having selected sites with uniform topography, I assumed that spatial

patterns would be the same in all directions, and therefore no alternative to the standard

omnidirectional semivariogram would be needed. However, after constructing

omnidirectional variograms, I checked the data for anisotropy and made directional

variograms where appropriate. In addition, when an analysis of stationarity revealed that

there was a trend in the data along one sampling axis, I chose to make two directional

semivariograms rather than one omnidirectional semivariogram that could be distorted by

the trended data. Semiovariograms made when the assumption of stationarity may have

been violated have been noted (see Table 3) and should be interpreted with caution.

For ease of comparison as well as goodness of fit, I generally selected spherical

models, except where a linear model was more appropriate or the pattern appeared to be

random. For each site and soil property I used whichever lag interval created the best

semivariogram. As a result, the lag intervals used range from 20cm to 50cm. However,

both distances are substantially less than the typical inter-plant interval. My analysis

extends to a maximum distance of approximately 750cm, which is roughly half the

distance between the largest lag pair. Given the number of lags used and the mix of

omnidirectional and directional semivariograms, the maximum and minimum number of

pairs for each semivariance analysis varies depending on the particular combination of

soil property and site. In three instances the minimum number of pairs was 7, but it could

be much higher, reaching 63 pairs in one omnidirectional semivariogram. The maximum



54
number of pairs ranged from 20 in one directional semivariogram to 158 in one

omnidirectional variogram (see Appendix 2 for a complete list of minimum and

maximum pairs as well as the distance interval at which they occur).

Results

The three forest stands were all statistically different from each other for every

soil property but four, Cu, Zn, Na, and S (Table 1). The percent OM was highest in the

mature forest (mean 15.0%) and lowest in R1 (mean 8.7%). Total P (PT) from 0-5cm was

nearly 3 times higher in the mature forest (mean 109 kg/ha) than in either of the

secondary forest stands. In contrast, the concentration of Mehlich III extractable P was

more similar across the sites. With the exception of plot M2b, which had more than

double the concentration of extractable P found in the other 5 plots, extractable P

concentrations ranged from 11.9-16.4 ppm.

Soil pH was high at all three sites (7.5-8.0). However, pH was lower at R1 than at

either of the sites that are part of Martin’s parcel. The concentrations of Ca and total

exchangeable cations were also lower in R1 soils. The concentrations of S and K were

lower in R1 (32.6 ppm and 166 ppm, respectively) than in either M2 (40.4 ppm and 385

ppm, respectively) or M0 (38.7 ppm and 244 ppm, respectively). In contrast, the metals 

Fe, Mn, and Al were all significantly higher in R1 than in either M2 or M0.

In a few instances, R1 and M0 were more similar to each other than M0 was to M2. Both

R1 and M0 had significantly higher concentrations of Cu and Na than M2. Conversely,

the Zn concentration of M2 was significantly higher than the levels of Zn in either R1 or

M0, which did not differ significantly.
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Table 1. The mean concentration of soil properties (0-5cm) for each plot sampled in three
stands of dry tropical forest in Campeche, Mexico. Unless otherwise noted units of measurement
are ppm. Statistically significant differences between plots are represented with lower case letters
(a-f) to the side of the mean. Statistically significant differences between sites are represented by
capital letters (A-C) below the mean. Values in parentheses are mean concentration for each site.
All differences between site or plot are significant at the P<0.0001 level.

† These means are based on n=76, 57, 13, 5, 3, and 13 samples respectively.

M2a
n=77

M2b
n=81

R1a
n=80

R1b
n=80

M0a
n=80

M0b
n=80

Physical Properties
OM (%) 12.6a 12.6a 9.3c 8.1d 13.5a 16.5b

(12.6)A (8.7)B (15.0)C
pH 7.9a 8.1b 7.7c 7.2d 7.9a 7.9a

(8.0)A (7.5)B (7.9)C
52.2a 111.6b 44.5c 36.7d 52.3a 60.8eTEC

(M.E./100g) (82.7)A (40.6)B (56.5)C

Chemical Properties
Macronutrients
P 14.0b 37.2c 12.2a 12.0a 11.9a 16.4d

(25.9)A (12.1)B (14.1)C
22.7 43.4 35.2 41.8 87.7 113.9Total P

(kg/ha)† (31.6) (37.0) (109.0)
S 30.0c 50.2d 33.2b 32.0bc 37.4a 39.9a

(40.4)A (32.6)B (38.7)A
Ca 9644a 21204b 8194c 6494d 9704a 11391e

(15570)A (7344)B (10547)C
Mg 331.1c 556.2d 363.5ab 421.4e 344.1bc 379.9a

(446.5)A (392.5)B (362.0)C
K 454.4c 319.2a 137d 195.5b 313.4a 174.1b

(385.1)A (166.3)B (243.7)C

Na 23.7b 28.4a 36.5c 43.5d 30.7a 46.9e

(26.1)B (40.0)A (38.8)A
B 1.8a 2.2b 1.4c 1.1d 2.7e 3.2f

(2.0)A (1.2)B (2.9)C
Fe 9.8a 5.0b 34.1c 46.1d 10.5a 13.8e

(7.4)A (40.1)B (12.1)C
Mn 67.7b 16.3c 93.2a 137.1d 80.8ab 85.9a

(41.3)A (115.1)B (83.3)C
Cu 1.4c 1.1d 1.9ab 1.8b 2.1a 1.9ab

(1.3)B (1.9)A (2.0)A
Zn 1.4ab 2.4c 1.2b 1.4ab 1.6a 1.2b

(1.9)B (1.3)A (1.4)A
Al 78.3a 19.8b 447.1c 492.3d 75.4a 61.3a

(48.3)A (469.7)B (68.3)C
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Table 2. The coefficient of variation [(SD÷mean)x100%] of soil properties (0-5cm) for
each plot sampled in three stands of dry tropical forest in Campeche, Mexico. Unless
otherwise noted the units of measurement are ppm. ND = No data.

M2a
n=77

M2b
n=81

R1a
n=80

R1b
n=80

M0a
n=80

M0b
n=80

Physical Properties
OM (%) 20.0 18.0 19.9 26.4 21.0 17.4
PH 1.4 0.8 4.2 4.9 1.2 0.7
TEC
(M.E./100g)

15.4 13.5 29.3 13.2 15.2 7.9

Chemical Properties
Macronutrients
P 12.6 15.0 21.4 15.9 12.3 13.9
Total P
(kg/ha)†

24.0 20.9 33.0 22.4 37.8 24.6

S 10.9 17.9 31.6 18.4 9.1 6.8
Ca 16.6 13.8 31.7 13.9 16.8 8.1
Mg 14.3 14.0 15.3 13.3 13.7 15.1
K 15.7 17.4 32.1 33.4 22.0 23.7

Na 17.3 16.2 22.6 20.5 10.3 18.0
B 19.5 12.0 26.7 13.8 16.8 13.7
Fe 22.2 63.2 22.9 24.7 50.1 38.6
Mn 18.5 21.5 21.5 48.2 23.1 20.9
Cu 20.6 16.7 18.7 24.0 34.8 28.4
Zn 49.4 19.6 30.3 29.5 38.3 40.0
Al 56.0 73.6 19.9 17.0 46.9 36.0
 † These CVs are based on n=76, 57, 13, 5, 3, and 13 samples respectively.

In all three stands, the coefficient of variation (CV) was similarly low for soil

organic matter content (OM) and available Phosphorus (P) concentration, ranging from

17.4% to 26.4 % for OM and from 12.3 % to 21.4% for P (Table 2). For Potassium (K)

the CV was lowest in the stand that had experienced 2 cultivation cycles, M2, (15%-

17%), and higher in the mature forest stand, M0, (22-24%) and the stand that had been
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cultivated once, R1, (32-33%). The CV for Aluminum (Al) was higher in M2 (56%-

74%) and M0 (36-47%) than in R1 (17-19%). 

In general, the metals, Al, Fe, Mn, and Zn, were the most variable soil properties

within a stand, particularly in M0 and M2. In R1, Total P, S, Ca, K, Mn, and Zn varied

the most (CV >30%). Low CVs (<24%) in M2 for elements other than Al, Fe, and Zn,

suggest that the soil properties in this secondary forest fallow are less variable than those

in M0 or R1. At all sites there were strong positive correlations among pH, S, Ca, and Mg

as well as among Al, Fe, and Mn.

Geostatistics

The degree of spatial variability (C/C+C0) differed little among sites or soil

properties. Across all three sites 72% to 80% of the variance in OM was spatially

dependent; for P 73% to 76% of variance was spatially dependent; and 57% to 73% of

the variance in Al was spatially dependent (Table 3). The degree of spatial variability was

slightly more variable for K (56%-84%). Generally, the replicate plots showed similar

degrees of spatial variability for OM and P, and were more divergent for K and Al. Only

in M2a and R1a was the proportion of spatially dependent variance similar for all four

properties (70%-74% and 69%-76%, respectively). While the degree of spatial

dependence did not appear to be affected by cultivation history, the range of

autocorrelation differed between sites.
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Table 3. Summary of the semivariogram model parameters for OM, P, K, Al from three stands
of dry tropical forest. Sites with two entries showed a strong trend in one direction and separate

semivariograms for each sampling axis have been created.
† Trend in data, interpret semivariogram with caution.

Organic Matter

Results from the mature forest stand differed substantially. In M0a, a directional

variogram showed the range of autocorrelation from OM was 350cm (figure 3). At the

adjacent plot, M0b, the directional variogram was random, indicating that OM was not

spatially structured on the scale of analysis (20cm –750cm). The ecological processes

Variate Site Model Nugget
(C0)

Sill
(C0 + C)

Range
(cm)

C/(C0 +C)

OM M2a Spherical 1.8 6.5 325 0.72
M2b Spherical 1 4.75 225 0.79
R1a Spherical 1 4.15 250 0.76
R1b Spherical 1.25 4.5 350 0.72
M0a (0°) Linear† 2.75 - - -
(90°) Spherical 1 5 300 0.8
M0b (0°) Linear† 4 - - -
(90°) Random - - - -

P M2a Spherical 1 3.8 130 0.74
M2b Spherical 9 33 250 0.73
R1a (0°) Spherical 1 4.25 480 0.76
(90°) Random† - - - -
R1b Spherical 1 4 380 0.75
M0a Linear 1.4 - - -
M0b Linear 3 - - -

K M2a Spherical 1500 5000 300 0.7
M2b Spherical 1000 3067 325 0.67
R1a Spherical 600 2200 300 0.73
R1b Spherical† 2000 4500 200 0.56
M0a Gaussian† 1000 6250 625 0.84
M0b Gaussian† 550 1900 600 0.72

Al M2a (0°) Spherical 125 460 225 0.73
(90°) Gaussian† 300 - - -
M2b Spherical .0315 .064 180 0.61
R1a Spherical 2800 8950 250 0.69
R1b Spherical 2800 7008 200 0.60
M0a (0°) Spherical 175 529.1 180 0.67
(90°) Linear 250 - - -
M0b Spherical† 140 325 200 0.57
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controlling OM at this site may either be randomly distributed or spatially structured

on a scale smaller than 20cm (Robertson and Gross 1994). In both M0a and M0b, there

was a trend in the OM data along the transects that ran roughly SE to NW. As a result,

the directional variograms for these two transects were linear. These linear variograms

indicate that the OM content is autocorrelated over a range >700cm; however, this result

is not surprising given the trended data.

The nugget-to-sill ratio (C0/C0+C) for OM in R1 indicates that 24-28% of

variance occurs on a scale < 35cm; the remainder of the variance is found over a range of

250cm to 300cm. Similarly at  M2, 21-28% of the variation is found at a distance <34 cm

and the range of autocorrelation was 225cm to 325cm. Making directional variograms for

OM at R1a revealed anisotropy in the data. Both directional variograms fit spherical

models and showed the same degree of spatial dependence (62% v. 61%). More

variability in the data along one transect appears to be driving the difference between the

sampling axes.  Even though the transects have similar mean OM content (9.4% v. 9.3%),

the sills of the directional variograms are 2.64 and 5.2 respectively. The range of the

directional variograms (285 and 400cm) is slightly longer than that of the omnidirectional

variogram, but the differences do not affect the overall pattern in OM.

Mature Forest Cultivated once Cultivated twice

Figure 3. Semivariograms for Organic matter from mature forest and forest fallows.
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Phosphorus

In the secondary forest fallows, the range of autocorrelation for P was much

longer in the mature forest than it was in the forest fallows (figure 4). In R1, the range of

autocorrelation was 380cm in one plot and 480cm in the other. In these two plots 26-27%

of the variation occurred at <22cm. P was autocorrelated over a shorter distance in M2,

where it ranged from 130cm to 250cm, but had similar a nugget-to-sill ratio (24-25%).

Both the variograms for the mature forest were linear, suggesting that P is

autocorrelated over a distance >750cm at these sites. Upon closer inspection P at M0b

was anisotropic. At M0b, both directional variograms were linear. The differences in the

transects appeared to be driven by a higher nugget variance for P and a steeper slope, or

more rapid increase in variance, along one transect. The differences in the directional

variograms at M0b do not affect the overall pattern in P.

Potassium

The range of autocorrelation for K was much longer in the mature forest than in

either of the secondary forest sites (figure 5). In M0a, 29% of variation was found at a

Mature Forest Cultivated once Cultivated twice

Figure 4. Semivariograms for P from mature forest and forest fallows with different
cultivation histories.
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scale <50cm, but the remainder was autocorrelated over a 600cm range. In M0b, K

was autocorrelated from 30cm to 625cm, with 16% of the variation occurring on a scale

<30cm. In contrast, K had a range of autocorrelation roughly half that distance in R1 and

M2. The range of spatial autocorrelation was 300cm in R1a and 325 cm in R1b. Nugget-

to-sill ratios indicate that 30% to 33% of variation at this site occurs at distances <30cm.

In M2, the range of autocorrelation for K in M2 was 200cm in one plot and 300cm in the

other. In M2a, 27% of the variation was found at <22cm, while in M2b, 44% of variation

was found at <30cm.

K in both R1a and M2a was anisotropic. In R1a both directional variograms fit a

spherical model. The main difference between them was the sill: 590 in one, 2700 in the

other. In M2a, both directional variograms were random, but again the variance in one

direction was more than double the variance in K along the perpendicular transect.

Although K is has a longer range of autocorrelation in the omnidirectional variograms for

both R1a and M2a, the larger pattern is consistent: in forest fallows K is autocorrelated

on a smaller scale than in mature forest.

Mature Forest Cultivated once Cultivated twice

Figure 5. Semivariograms for K from mature forest and forest fallows with
different cultivation histories.
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Aluminum

Despite differences in the degree of spatial autocorrelation, which ranged from

57% to 73%, all the variograms for Al were autocorrelated over a similar range: 180-

200cm in M0; 200-250cm in R1; and 180-225cm in M2 (figure 5). At M0b and possibly

at M2b, the variance in Al concentration appeared to be nested; in both cases the

semivariogram begins to rise again at approximately 400cm. Spatial variability on

multiple scales is thought to be a common ecological phenomenon because the processes

that control the levels and distribution of different resources operate on different scales

(Robertson and Gross 1994). The nugget-to-sill ratios in the mature forest indicate that

33% to 43% of variation occurs over <30cm. In R1, 31% to 40% of variation is found at

<32cm. And in M2, 27% to 49% of variation is found at <45cm.
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Figure 6. Semivariograms for Aluminum for mature forest and forest fallows.
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Vegetation and Soil Texture

The vegetation survey revealed that the three sites were quite different from each

other (Table 4). I sampled 17 different species in R1, 14 species in M2, and 29 species in

the mature forest stand, M0.  Of the 5 most frequent species at each site, only one

species, Psidium sartorianum, was common to all three sites. Although there is only one

other species (Bomopch, common name) shared by all three sites, all the pairwise

combinations of the sites share several species. The basal area and size of vegetation also

differed between stands. Basal area (>1cm) was greatest in the mature forest (mean 85.8

m2/ha), followed by M2 (mean 31.3 m2/ha) and R1 (9.8 m2/ha). Driving this difference in

basal area, is the dearth of trees > 5cm dbh in R1, where I recorded only 2 stems between

5 and 10 cm dbh and no stems ≥ 10cm dbh. In contrast, M2 had 17 stems between 5 and

10cm dbh and 12 stems between 10 and 20cm dbh. The mature forest had 15 stems with

dbh > 20cm.

A simple linear regression between basal area and the range of autocorrelation for

OM, K, and Al, revealed that the range of autocorrelation for K (P=0.0115, r2=0.9115)

increased with increasing basal area (figure 6). Not surprisingly, given the inverse

relationship between basal area and stem density of trees <5 cm dbh, the pattern was

reversed in a regression with small stem (<5cm dbh) density. As small stem density

increased, the range of autocorrelation for K (P=0.0142, r2=0.8982) decreased. There was

no significant relationship between the range of autocorrelation for OM and Al and either

basal area or small stem density (P>0.28). I did not do a linear regression with P because

the exact distance of autocorrelation (≥750cm) was unknown. However, the trend is

similar to that observed for K. The range of autocorrelation for P is shorter in stands with
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high small density and low basal area and increases with either greater basal area or

lower small stem density.

Comparing sand and clay content between 9 secondary and 3 mature forest sites,

revealed there was no significant difference between sites based on times cultivated (0, 1,

or 2 times) or location (grouping sites by farmer).  A two-way ANOVA with age class

and farmer showed no significant relationship between age, farmer, or their interaction

and either sand or clay content.

Figure 7. The relationship between vegetation parameters and the range of autocorrelation of K,
OM, and Al. A) the relationship between basal area and the range of K. B) the relationship
between small stem density and the range of K. C) the relationship between basal area and the
range of OM and Al. D) the relationship between small stem density and the range of OM and Al.
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Table  4. Vegetation characteristics of three dry tropical forest stands. Stems < 5cm
dbh were sampled in a 29 m2 area; stems ≥ 5cm dbh were sampled in an 81 m2 area.
Basal area was calculated using every stem recorded.  When calculating stem density,
each tree was considered as one stem, even when a single tree had several stems. ND =
no data.

dbh ≥ 5cm1≤dbh<5cm
5≤dbh<10cm dbh ≥ 10cm

Total

# stems 37 17 12 66
Stem density
(stems/m2)

1.28 0.36
M2a

Basal Area
(m2/ha)

4.05 27.27 31.32

M2b ND ND ND
# stems 43 1 0 44
Stem density
(stems/m2)

1.48 0.01
R1a

Basal Area
(m2/ha)

5.69 0.40 6.08

# stems 61 1 0 62
Stem density
(stems/m2)

2.10 0.01
R1b

Basal Area
(m2/ha)

12.12 1.40 13.52

# stems 19 15 17 51
Stem density
(stems/m2)

0.66 0.40
M0a

Basal Area
(m2/ha)

2.77 79.17 81.93

# stems 11 21 15 47
Stem density
(stems/m2)

0.40 0.44
M0b

Basal Area
(m2/ha)

2.23 87.45 89.68

Discussion

At all three sites, the degree of variability of the different soil properties was

relatively low. In Rafael’s stand CVs ranged from 4% to 48%; in Martin’s stand they

ranged from 0.8% to 74%; and in the mature forest stand they 0.7% to 50%. Although

many studies report more than an order of magnitude difference in the range of soil
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properties at their site (Robertson et al 1993, Robertson et al. 1988), my CVs are not

outside the range of reported values, but at the low end. For instance, Gallardo (2003)

reported a CV of 24% for total P and 48% for Aluminum for a floodplain forest in

northwest Spain, while Gonzalez and Zak (1994) reported a CV of 95% for available P

from a tropical dry forest in St. Lucia. The size of the sampling area may affect the

degree of variability (Gross et al. 1995, Robertson and Gross 1994). My 15m x 15m (225

m2) plots were an order of magnitude smaller than other plots used in geostatistical

studies of other forested ecosystems (e.g, 40 x 60 (2400m2), Gallardo (2003), or 56m x

56m (3136m2), Gonzalez and Zak (1994)).

The percent of spatially structured variance was moderate to high (54-84%) at all

the sites for all the soil properties considered. The range of autocorrelation for P showed

the most marked differences between stands (Figure 4). In the mature forest, the

semivariograms were linear, suggesting that P was spatially structured over a distance

greater than ~7.5m. The range of autocorrelation was much shorter following cultivation,

and it declined with each subsequent cultivation cycle: from 3.8m-4.8m in R1 to 1.3m -

2.5m in M2. Similarly, the range of autocorrelation for K was much shorter following

cultivation. The range of spatial dependence declined from 6.0m-6.25m in the mature

forest to 2.0m-3.0m in R1 and 3.0m-3.25m in M2. Because K is easily leached from leaf

surfaces, both throughfall and litterfall are important components of K cycling

(Schlesinger 1997). Therefore, the larger range for K in mature forest may reflect the

larger average canopy size of these stands. Likewise, individual trees are cycling P in a

smaller area than in mature forest because of the smaller tree and canopy size in the forest

fallows. Thus, tree size may also contribute to the shorter range of P in the secondary
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forests. The role of vegetation may be especially relevant in this study because I

sampled only the top 5cm of soil, a depth likely to reflect changes in aboveground inputs

to the soil.

For OM, only one of the directional semivariograms calculated for the mature

forests plots fit a spherical model. The range of autocorrelation along this transect (3.5m)

was slightly larger than the range of autocorrelation for OM in the secondary forest sites

(2.25m-3.25m, figure 3). Studying soil organic carbon in an agroecosystem in

northwestern Yucatan, Mexico, Shang and Tiessen (2003) found that the region’s

calcareous soils inhibited the turnover of organic carbon. As a result, the amount of

undecomposed OM that had accumulated in these soils was high relative to other

semiarid tropical soils with a similar shifting cultivation regime. In addition larger

aboveground inputs from woody debris and belowground inputs from roots near stems

may contribute to the persistence of stem-related effects in soil organic matter even after

the stems have been removed for cultivation (Døckersmith et al 1999). Continued organic

inputs as well as the stability of coarse organic matter in calcareous soils (Shang and

Tiessen 2003) could explain some of the similarity between the spatial patterns of OM in

the mature and secondary forest sites.

The distribution of ash following a fire can have a homogenizing effect by

dispersing nutrients previously contained in aboveground biomass across a wide area.

Following slash-and-burn clearing at my site, the bare soil is susceptible to increased

erosion and runoff, which may further disperse soil properties. Finally, planting a

monoculture of corn reduces variability further by homogenizing plant composition,

cover, and size (Robertson et al 1993). These processes are potentially powerful forces
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for the dispersion or redistribution of elements. In Martin’s stand, M2, which had

undergone two cultivation-fallow cycles, the CVs for almost all the soil properties

measured were consistently low, suggesting that variability may have been reduced

following repeated disturbance. However, the more noticeable trend at my study sites was

the decrease in the range of P, K, and to a lesser extent OM after cultivation. These

changes in scale suggest that forest vegetation plays a larger role in creating and

maintaining spatial patterns of soil nutrients than the dispersion of nutrients that occurs

during slash-and-burn clearing. Similarly, Døckersmith et al (1999), working in a

Mexican dry tropical forest, found that, despite the extent of disturbance associated with

slash-and-burn clearing, stem-related patterns in nonoccluded Po persisted through slash-

and-burn removal of trees and 2 years of cultivation.

Both Schelsinger et al (1996) and Gallardo (2003) hypothesized that biologically

essential elements would exhibit different spatial patterns than nonessential elements

because of the different processes (biological v. geochemical) controlling their

movement. Al, which is not required by plants and potentially toxic (Aber and Melillo

2001), had the most consistent range of autocorrelation (~2m), suggesting that its spatial

distribution was not altered by forest clearing and regrowth of secondary vegetation

(Figure 6). The fact that Al showed a similar range of autocorrelation in all 3 stands,

while the essential factors of soil fertility, P, K, and OM differed among stands, strongly

suggests a role for vegetation in restructuring the spatial pattern.

The pattern of soil properties in El Refugio – soil resources that are spatially

dependent from 0.2m up to 6.25m with 56-84% of the variance spatially structured - is

within the range reported for other forests. Gross et al. (1995) found that soil nitrate
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availability was spatially dependent over 1-10m in a successional system in southwest

Michigan. Lechowicz and Bell (1991), studying an old growth forest dominated by Acer

saccharumi and Fagus grandifolia in Quebec, Canada found that pH, NO3, and K were

all spatially correlated at distances less than 2m. They suggest that individual trees may

play a role in creating this heterogeneity through stemflow and differences in litter

production and decomposition. In fire-disturbed dry tropical forests in Thailand, Hirobe

et al (2003) found that spatial autocorrelation of N mineralization and nitrification ranged

from 2.25m to ≥ 9.0m.  Gonzalez and Zak (1994), working in a secondary dry tropical

forest in St.Lucia, West Indies, found that OM, N transformations, and available P were

all spatially dependent at ≤ 24m. The nugget-to-sill ratios for these soil properties was

quite high (55 – 74%), indicating that a large portion of spatially dependent variation

could be occurring at scale smaller than their shortest lag distance (4m). They concluded

that much of the spatial variation in this system was fine-scale and likely to be driven by

individual trees. Results from this study, done with much shorter lag intervals, also

suggest fine-scale spatial patterning.

Although it has been inferred from studies of plants’ effects on resource

heterogeneity that the scale and magnitude of spatial dependence in soil nutrients could

accompany shifts in or disturbances of the plant community, few studies have tested this

hypothesis (but see, for example, Schlesinger et al. 1996). Robertson et al (1993),

studying a cultivated and uncultivated field in southwest Michigan, found that although

the magnitude of spatial dependence remained relatively constant for all soil properties,

the scale of autocorrelation was quite different: the semivariogram ranges of most

properties were greater by a factor of 3 or more in the cultivated field. They attributed
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this pattern to the dispersion of soil properties that accompanies repeated tillage.  In

this study, the magnitude of spatial dependence remained constant, while the ranges of

autocorrelation for P and K were nearly 2 times greater in the mature forest than in the

forest fallows.

Working in a newly abandoned field, a mid-successional field, and a second

growth forest, Gross et al (1995) found that the degree and range of spatial dependence

for nitrogen availability were greater in the mid-successional field than in either the forest

or the recently abandoned field. Their study lends support to the hypothesis that scale and

magnitude of spatial dependence are dynamic over the course of succession. The authors

suggest that these changes reflect shifts in plant composition and size change. The

significant relationship between the range of autocorrelation for both P and K and

indicators of biomass recovery, basal area and small stem (<5cm) density, supports the

conclusion that shifts in the spatial pattern of nutrients accompany changes in vegetation

over the course of succession (figure 7).

In a dry tropical forest in Thailand, Hirobe et al. (2003) found that with increasing

time since the last fire (from 0 to 10 to 35 yrs) the magnitude of spatial dependence

increased while the range of autocorrelation decreased.  Given the relatively strong

spatial dependence but large range of autocorrelation in the 10 yr old stand, the authors

speculate that understory grasses have a greater impact on soil N transformation than

overstory trees. In the stand that had not been burned for 35 yrs, where there was strong

spatial dependence and a short range or autocorrelation, they speculated that the

overstory trees play a greater role in creating the existing heterogeneity.  This observation

raises the possibility that the small scale of spatial dependence for OM, P, and K in R1
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could be due to the relatively uniform vegetation (Schlesinger et al 1996) rather the

site’s cultivation history. The short, small, dense vegetation at this site could indicate that

it belongs to a subtype of forest known locally as bajo (seasonally inundated, low-stature

forest). (In contrast, M2 and M0 as well as the other secondary forest sites on Rafael’s

parcel are bosque mediano). Alternatively, the vegetation’s uniformity may be due to

some past disturbance, such as an undocumented wildfire.

I originally hypothesized that the scale of spatial patterns of soil nutrients would

change following disturbance for agriculture because of changes in the plant community

associated with shifting cultivation. In the three stands, the scale of spatial dependence

did differ among stands with cultivation history, although the degree of spatial

dependence was not affected by disturbance. The range of autocorrelation for P and K

was much shorter in the two secondary forest sites than in the mature forest. In the top 5

cm of soil, litter deposition and decomposition beneath tree canopies may be an important

driver of the spatial distribution of biologically important soil nutrients. Given the

observed connection between vegetation parameters and the scale of spatial patterns

(figure 7), it is likely that the decrease in range following shifting cultivation is related to

the smaller tree size in the 8-year old forest fallows. Although difference in vegetation at

sites R1 and M2 potentially confounded a determination of changes in the spatial

distribution of soil properties with repeated cultivation, this study was able to show that

spatial patterns do change following shifting cultivation. The results of this study also

strongly suggest that changes in the spatial distribution of soil properties reflect changes

in plant cover, composition, and size associated with slash-and-burn agriculture and

secondary succession.
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IV. CONCLUSION

Summary

I looked at soil P, OM, K, and Al in depth to determine how the changes in land-

use that accompany shifting cultivation affect the chemical and spatial distribution of soil

nutrients. The results of this study suggest that shifting cultivation does affect soil

properties. I found that it initiates a redistribution of soil P and prompts a shift in the scale

of the spatial distribution of biologically important soil properties.

I observed an increase in total P in the top 15cm of soil with repeated cultivation-

fallow cycles. After cultivation, P was lost from the labile and non-occluded Pi pools,

while non-occluded organic P was at levels either higher than or similar to uncultivated

sites depending on the number of cultivation-fallow cycles experienced. Increases in total

P did not enhance the soil's P supplying capability. Instead, inputs of P cycled quickly

through the more available fractions, and accumulated in the Ca-bound and Residual P

fractions, where P becomes available to plants only after several decades or more.

Finally, the absence of an age effect on soil P in 5-16 year old stands suggests that these

P transformations will persist for at least 2 decades, if not longer.

Comparing forest stands that had been cultivated with mature forest stands, I

found that the scale of spatial patterns in P and K, both biologically important elements,

reflected changes in plant size that accompany secondary succession. In contrast, the

range over which Al, which is not required by plants and is potentially toxic, was

autocorrelated did not change with forest clearing and regrowth. These results suggest

that plants play an important role in creating and maintaining spatial heterogeneity in soil

properties.
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Future Research

Soil Phosphorus

To test the hypothesis that deep rooting is transferring P from below 15cm to the

surface soils, I would like to perform P fractionations on soils collected at 15-30cm and

30-45cm. A zone of depletion in total P below 15cm would confirm that plants are

tapping into P pools at depth. It would also be interesting to measure the size, quantity,

and tissue concentration of living and dead roots in the top 30cm of soil to better describe

and quantify the role that roots play in the P cycle of a tropical dry forest ecosystem. To

investigate the potential role of coarse woody debris in delaying the peak of total soil P

until the second cultivation-fallow cycle, I would measure the rate of decomposition,

nutrient concentration, and amount of coarse woody debris (CWD), above and below

ground in secondary and mature forest stands. Slow decomposition rates for mature forest

wood or higher nutrient concentrations in secondary forest trees would indicate that

CWD contributes to the postponement of the peak in total P.

Spatial distribution

To better understand the relationship between vegetation and the spatial

distribution of soil nutrients, I would like to perform a similar experiment sampling

across a grid rather than along intersecting transects. This layout would allow for kriging,

which would enable me to look directly at the relationship between the location and size

of individual trees and the location and size of patches of soil nutrients. Because this

study considered only 8 year old and mature forest stands, there is insufficient data to

assess how long spatial created by fallow vegetation last. Sampling older forest fallows
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would help to determine how long spatial patterns persist. Finally, this study has

suggested that canopy size affects the size of soil nutrient patterns as result of nutrient

cycling through litter.  To better understand the mechanisms through which trees create

spatial patterns, I would like to compare the nutrient concentration, production, and

turnover of aboveground litter under canopies and in canopy gaps.
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Appendix 1a. P concentration (%) in leaves, surface litter, and roots. Adapted from
Jaramillo & Sanford (1995).

A. Leaves B. Surface Litter C. Roots

Sources: a. R. Esteban et al. (cited in Jaramillo and Sanford 1995); b. Marin and Medina (1981,
cited in Jaramillo and Sanford 1995); c. Cuenca (1976, cited in Jaramillo and Sanford 1995);  d.
Murphy and Lugo (1986, cited in Jaramillo and Sanford 1995); e. Lambert et al (1980 cited in
Jaramillo & Sanford 1995); f. Moore et al (1967, cited in Jaramillo & Sanford 1995); g. Malaisse
(1979, cited in Jaramillo & Sanford 1995); h. Singh (1989); i. Kauffman et al (1993); j. Vitousek
et al (1988, cited in Lawrence 1998); k. Uhl & Jordan (1984, cited in Lawrence 1998).

Appendix 1b. Forest biomass components as a percent of total and the P concentration
(%) of each components of forest biomass used in these calculations.
 Sources: a. Martinez-Yrizar (1995); b. Kauffman et al (1993).

Appendix 1c. P stocks (kg/ha) in dry tropical secondary and mature forest, based on
percent biomass in each component and mean P concentration of each component
(Appendix 1b) as well as biomass data from Read and Lawrence (2003).

Roots Forest Floor Wood Leaves Total
Mature Forest 37 3 51 15 106
6-10yr fallow 13 4 14 4 35
12-25yr fallow 21 4 25 7 57

Site Conc.
(%)

Mexicoa 0.28
Venezuel
a 1b

0.16

Venezuel
a 2c

0.12

Puerto
Ricod

0.06

Belizee 0.1
Australiaf 0.06
Zaireg 0.11
Indiah 0.13
Brazili 0.14
mean 0.13

Site Conc.
(%)

Mexicoa

Leaf 0.08
Fine 0.07

Puerto
Ricod

0.03

Belizee 0.01
Australiaf

Leaf 0.03
Wood 0.01

Brazili 0.09
mean 0.05

Site Conc. (%)
Indiah

<10 mm
diameter

0.08

>10 mm
diameter

0.05

Australiaf 0.02
Puerto
Rico d

.04

World
Averagej

0.077

Venezuelak 0.084
mean 0.06

Roots Forest floor Wood Leaves
Biomass % 27a 4a 63b 6b

0.077 (mature)P concentration
(%) 0.084 (secondary)

0.05 0.045b 0.13
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Appendix 2. Lag distance, and minimum and maximum number of pairs for each
variogram. np =number of pairs.

Minimum  number
of pairs

Maximum  number
of pairs

Site Minimum
Lag Distance

(cm) np Lag interval
(cm)

np Lag interval (cm)

Organic Matter
M2a 24 39 12-36 107 708-732
M2b 34 10 0-17 151 663-697
R1a 32 8 0-16 140 624-656
R1b 35 7 0-17.5 157 717.5-752.5
M0a (0°) 40 20 700-740 41 60-100
(90°) 24 9 662-682 24 110-130
M0b (0°) 40 10 0-20 43 140-180
(90°) 20 7 372-388 23 112-128

Phosphorus
M2a 22 32 14-30 72 630-646
M2b 25 40 15-35 91 665-685
R1a (0°) 40 11 20-60 41 260-300
(90°) 25 11 637.5-662.5 30 37.5-62.5
R1b 35 7 0-17.5 158 717.5-752.5
M0a 48 44 36-60 109 708-732
M0b 30 44 48-72 112 678-702

Potassium
M2a 30 7 0-15 25 705-735
M2b 25 26 17-33 79 642-658
R1a 22 26 14-30 78 608-624
R1b 30 56 15-45 118 675-705
M0a 30 55 15-45 137 705-735
M0b 50 30 0-25 223 675-725

Aluminum
M2a (0°) 45 10 0-22.5 46 67.5-112.5
(90°) 50 13 0-25 49 175-225
M2b 30 7 0-15 134 585-615
R1a 28 48 16-40 111 604-628
R1b 32 63 16-48 141 688-720
M0a (0°) 20 9 630-650 22 290-310
(90°) 25 10 662.5-687.5 28 112.5-137.5
M0b 30 9 0-15 130 645-675
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