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ABSTRACT  

 Land-use change, in the Southern Yucatán Peninsular Region (SYPR), is creating 

a mosaic of agricultural lands, secondary forests, and disturbed mature forests 

(montañas). Swidden agriculture, in the form of slash and burn shifting cultivation, is the 

major cause of land-use change and is degrading this dry tropical forest. Increased rates 

of land-use change, due to population pressures, in the SYPR are thought to have 

changed the structure and function of these forests. This study investigates the stocks and 

fluxes of woody debris during the course of secondary succession. This study also 

quantifies the carbon stocks of secondary forests and montañas along a regional 

precipitation gradient.  

 On average, woody debris represents 88% of the total aboveground biomass stock 

during cultivation and 22% in montañas. Woody debris is important in early successional 

ecosystems because woody debris rebuilds soils, restores soil nutrients, and limits 

erosion. I have inventoried woody debris stocks, and monitored inputs and decomposition 

over a two year period in the SYPR. Woody debris stocks are largest immediately 

following cultivation and in montañas. Stocks of woody debris decrease significantly 

(p=0.002) as the number of prior cultivation cycles increase. Although stocks of fine 

(≥1.8 cm to ≤ 10 cm diameter) and coarse woody debris (≥10 cm diameter) are highly 

variable in secondary forest, coarse woody debris stocks are roughly three times larger 

than fine woody debris stocks. Coarse woody debris stocks decrease following cultivation 

for 10-15 years, until inputs exceed decomposition. Inputs of coarse woody debris are 

highest during the dry season, while fine woody debris inputs are highest during the wet 
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season. The annual input rate to montaña (0.9 Mg ha-1 yr-1) is the same for coarse and 

fine woody debris. Decomposition was significantly dependent on tree species (p=0.001) 

and time since placement (p=0.001). Decomposition rate constants varied from 0.124-

0.643 yr-1 for coarse woody debris and 0.368-0.857 yr-1 for fine woody debris.  

 In situ measurements of carbon stocks, at fine spatial scales, were used to 

determine how the conversion of dry tropical forest to agricultural land alters the size and 

distribution of carbon stocks in the SYPR. Live aboveground biomass, coarse woody 

debris, fine woody debris, forest floor litter, and soil were sampled in 64 sites at three 

locations along a precipitation gradient in Campeche and Quintana Roo, Mexico. Live 

aboveground biomass was calculated from stem and height measurements in 500 m2 plots 

using published allometric equations. Root biomass was estimated from live aboveground 

biomass. Stocks of coarse woody debris were inventoried in two 16-m radius plots at 28 

sites. Fine woody debris was sub-sampled in each of these plots in eight 1-m2 quadrats. 

Forest floor litter was collected from four 1-m2 quadrats in 36 sites. Soil samples from 0-

15 cm, 45-50 cm and 95-100 cm yielded estimates of soil carbon stocks. Carbon stocks in 

all forest components were significantly affected by the age class of the forest (p<0.05). 

In addition, the number of prior swidden-fallow cycles significantly affected the stocks of 

live aboveground biomass (p=0.023) and coarse woody debris (p=0.042). The regional 

gradient significantly affected the stocks of live aboveground biomass (p=0.027) and 

forest floor litter (p=0.007). The total carbon stocks (to 1 m soil depth) ranged from 197 

Mg/ha in six year old secondary forest to 486 Mg/ha in mature forest. Soil carbon stocks 

largely controlled the total carbon stocks representing from 78 to 92% of the carbon in 

montaña and young secondary forest, respectively. This work suggests that although age 
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is an important factor in predicting the carbon stocks of secondary forests, land-use 

history should not be neglected. Although it is possible to recover total ecosystem carbon 

stocks in dry tropical forests to mature forest levels within 55-95 years of cultivation, 

land-use change will continue to make this region a net source of carbon to the 

atmosphere. 
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1 INTRODUCTION        
 Forests provide essential goods and services for local and regional consumption 

throughout the world. Human population growth, poverty, and inappropriate land-use 

threaten the Maya Forest of Mexico, Belize, and Guatemala (Barborak 1998). Land-use 

alters the structure and function of forest ecosystems (Whigham et al. 1998, Lawrence et 

al. in press). Management of Maya forests for sustainable use could slow the expansion 

of human settlement into less disturbed adjacent areas (Brown and Lugo 1990), yet this 

will prove difficult without knowledge of the current ecological processes. The Southern 

Yucatán Peninsular Region (Figure 1) project, known as SYPR, combines ecological, 

social, and remote sensing sciences, to monitor and investigate deforestation, its causes, 

and how forest change will affect the future of the region (Turner et al. 2001).  

Figure 1.  Location of the Southern Yucatán Peninsular Region (SYPR), Mexico 
(Lawrence and Foster 2002). 

 

 
 



 

 

2 
This study focuses on the contribution of woody debris to carbon stocks and fluxes, a 

critical and understudied component of ecosystems, managed and unmanaged.  

 Tropical forests contain 46% of the living terrestrial carbon pool and tropical dry 

forests comprise over 42% of tropical forested lands (Brown and Lugo 1982, Saugier et 

al. 2001). Much of this forest is being converted for agriculture and some ultimately 

becomes secondary forest. With forests holding 20 to 100 times as much carbon as 

agricultural lands (Houghton and Skole 1990), understanding the role of secondary 

tropical dry forests in the global carbon cycle is critical. Land-use change affects the net 

amount and distribution of carbon throughout an ecosystem. Krankina and Harmon 

(1995) state that one of the “fundamental problems” in trying to decrease uncertainty of 

global carbon cycling processes, and the global carbon budget, is the lack of 

consideration given to dead biomass. If woody debris in tropical forest accounts for even 

a small percentage of total aboveground biomass, it could play a significant role in the 

global carbon cycle due to the spatial extent of these ecosystems. In ecosystems 

undergoing slash and burn agriculture, woody debris likely represents a higher percentage 

of carbon stocks in young secondary forest than in mature forest. If carbon models fail to 

account for the large carbon stock in woody debris, the initial carbon flux to the 

atmosphere will be overestimated. 

1.1 Land-cover and land-use change       

Tropical dry forests compose 8% of Mexico’s landmass (Trejo and Dirzo 2000), 

with deciduous tropical evergreen forests being the dominant vegetation type in 

southeastern Mexico (Cairns et al. 2000). The tropical dry forests of the southern Yucatán 

are the last of Mexico’s frontiers to undergo development. Like tropical dry forests 
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around the world, those in Mexico have become threatened because of their suitability 

for human use. The manageable small stature of dry forest, greater soil fertility (when 

compared to wetter forests), and multiple potential uses of the land (e.g. livestock, 

agriculture, forestry) in part explain humans’ affinity for dry forests (Murphy and Lugo 

1986).  

 The area of cultivated land in Mexico has increased 64% from 1977 to 1992 

(Cairns et al. 2000), in part because farmers do not practice sedentary agriculture in 

regions such as the SYPR. They practice a relatively short-fallow form of swidden 

agriculture. Swidden agriculture, a form of slash and burn shifting cultivation, has 

converted much of the Mexican Maya Forest to secondary forest. Twenty-five percent of 

forests were deforested and 39% was fragmented, between 1978 and 1992, in Campeche, 

a Mexican state which comprises much of the SYPR (Klepeis 2000). 

 Swidden agriculture is a method by which resource limited societies enhance site 

fertility. Slashing and burning of vegetation releases nutrients stored in forest biomass for 

use during the cultivation period. After the area is cultivated, for one or more years, it is 

left to regenerate during the fallow period. In the southern Yucatán, farmers recultivate 

their fallow lands every 3 to 15 years. Even though fallows are regenerating they are still 

subject to occasional human disturbance such as timber harvest, firewood removal, 

sporadic fire, and hunting.  

 The first year following cultivation can be characterized by a loss of nutrients due 

to off-take in the harvest, leaching, and erosion (Nye and Greenland 1964). It is thought 

that the presence of woody debris may mitigate these losses by storing nutrients, limiting 

erosion, and preventing runoff. In addition to mitigating the loss of nutrients, woody 
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debris decomposition may aid in the recovery of secondary forest due to its slow release 

of nutrients. The first 15 years of forest regeneration is characterized by the rapid 

accumulation of biomass and nutrients (Brown and Lugo 1990, Read and Lawrence 

2003), which are restored to the soil by the transfer of organic material to the forest floor 

(Ewel 1976, Lugo 1992). Shortened fallow periods in the SYPR do not allow farmers to 

make full use of the fast rate of aboveground biomass accumulation in secondary forests, 

thus recovering nutrient stocks in woody debris may be of critical importance.  

1.2 Southern Yucatán Peninsular Region      

 The Maya practiced intensive agriculture in the Southern Yucatán Peninsular 

Region from 1000BC-900AD (Turner 1974, Turner 1990). The area has since 

regenerated into dry tropical forest and was relatively undisturbed until the early 

twentieth century (Klepeis 2000). This forest has more recently been disturbed by chicle 

gum extraction in the early 1900’s, selective logging from 1930 to 1960 (Klepeis 2000), 

and periodic disturbances such as fire and hurricanes (Whigham et al. 1991). With the 

passing of a new colonization law in 1963, the Mexican government actively promoted 

the ejido system as a means to relieve population pressures on land in other regions of 

Mexico. This plan for economic development encouraged ejidos, or community farms, 

which would supply agricultural products to larger urban areas of the Yucatán Peninsula 

(Klepeis 2000). The ejido system failed as a plan for economic development in the SYPR 

and led to community-based subsistence farming.  

 Since the 1970’s the SYPR has undergone a major resettling of the land (Klepeis 

2000). Swidden agriculture is the dominant form of land-use. It results in patchwork of 

fallow lands (acahuals), disturbed mature forests (montañas), and current fields under 
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cultivation (milpas). Initial results of remote sensing studies in the SYPR suggest that 

88.6% of the land is mature forest, 7.4% is fallow land (4-15 years), and 3.5% is open 

agricultural land as of 1997 (Turner et al. 2001).  

1.3 Research questions  

 The purpose of my research is to investigate the distribution of carbon within dry 

tropical forests of the SYPR, with particular attention to woody debris dynamics. I aim to 

address a suite of applied and fundamental questions in ecology: What is the effect of 

traditional swidden agriculture (slash and burn shifting cultivation) on the carbon stocks 

of previously forested land? How does the carbon budget of an ecosystem change with 

forest age during the course of secondary succession? My research elucidates the role of 

woody debris in tropical secondary forests by investigating the stocks and fluxes of 

woody debris during succession. Along with data on carbon in soils, forest floor litter 

mass, and vegetation, these data allow me to quantify the carbon stocks of forests in the 

SYPR. I consider the distribution of carbon as a function of forest age, number of prior 

swidden cycles, and a regional precipitation gradient.  
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2 WOODY DEBRIS STOCKS AND FLUXES    

2.1 Introduction          

2.1.1 Role of woody debris in forested ecosystems      

Dry tropical forests account for approximately 5% of carbon in vegetation and 

soils of terrestrial ecosystems throughout the world (Houghton and Skole 1990). Land-

cover and land-use change in dry tropical forest are creating secondary forest. Secondary 

forests currently comprise 40% of the total forested area in the tropics (Brown and Lugo 

1990). The conversion of forest to agricultural land is the primary cause of land-use 

change in Mexico (Cairns et al. 2000) and the tropical Americas (Brown and Lugo 1990). 

A 64% increase in the area of agroecosystems between 1977 and 1992 in the tropical 

southern states of Mexico (Cairns et al. 2000), and the recent evidence of increasing 

deforestation in the region (Turner et al. 2001) have elicited interest in understanding the 

carbon dynamics of dry tropical forests.  

The sparse literature on woody debris (WD), especially in the tropics (Chambers 

et al. 2000), suggests it has been understudied despite its importance in the structure and 

function of forest ecosystems (Franklin et al. 1987). Studies on woody debris have most 

often focused on the role of decomposition in the carbon cycle (Hughes et al. 1999, 

Chambers et al. 2000) or on changes in mass and nutrients of woody debris over time 

(McFee and Stone 1966, Graham and Cromack 1982, Arthur and Fahey 1990, Means et 

al. 1992, Brown et al. 1996). Brown et al. (1996) and Chambers et al. (2000) found that 

the decomposition rate of woody debris increases slightly with precipitation and with 

temperature. Arthur and Fahey (1990) found that woody debris contains 5% of the 

phosphorus, 7% of the nitrogen, 16% of the potassium, 12% of the calcium, 17% of the 
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magnesium, and 9% of the sodium present in above and belowground biomass of a 

subalpine fir forest in Colorado. These works clarify some aspects of the role of woody 

litter in ecosystems, yet fail to explain how land-use history affects the biogeochemical 

processes that control woody debris. Lawrence and Foster (2002) determined that 

cultivation history, forest age, and land management practices were the major stand level 

factors affecting ecosystems processes in the SYPR. The impact of these factors on 

woody debris remains to be considered.  

 Woody debris is understood as a short-term nutrient sink and as a long-term 

source of energy and nutrients (McFee and Stone 1966, Larsen et al. 1978, Triska and 

Cromack 1980, Harmon et al. 1986). Researchers have long neglected detrital processes 

because of the slow rate of decomposition and input of woody debris, and logistical 

difficulties in measuring debris stocks. “Given the stochastic and disturbance-related 

nature of woody litter inputs, together with variability in rates of decay determined by 

species, size classes, and climate, pool sizes of woody debris range widely even within a 

forest type” (Currie and Nadelhoffer 2002). These problems are compounded in a 

disturbed landscape consisting of many forest “types” depending primarily on forest age, 

but also on management practices. Sampling intensively to address several of these 

challenges, I studied woody debris in a chronosequence of sites in El Refugio, Campeche, 

Mexico. My goal was to understand the dynamics and importance of coarse woody debris 

in secondary tropical dry forest. 

2.1.2 Research objectives and hypotheses       

 The purpose of this research is to understand the patterns and drivers of woody 

debris stocks and fluxes. The two primary objectives of this study are: 1) to determine 
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how forest age and cultivation history affect stocks and fluxes of woody debris and 2) to 

determine what percent of total aboveground biomass is in the form of woody debris and 

how that changes during succession. Over a two-year period, I have investigated woody 

debris stocks, inputs, and decomposition as a function of forest age and cultivation 

history.  

 I expected the number of swidden cycles to be the main factor affecting the size 

of aboveground woody debris stocks, because burns prior to each cultivation period 

combust some proportion of the woody debris stocks. I hypothesized that stocks of 

woody debris would be large immediately following cultivation and would decrease with 

age until the rate of woody debris inputs surpasses decomposition. I expected coarse 

woody debris, CWD, to be a larger percentage of woody debris stocks than fine woody 

debris, FWD. Woody debris stocks should decrease as a percentage of total aboveground 

biomass in young successional forest until older secondary forest begin inputting coarse 

woody debris. I did not expect woody debris inputs to surpass decomposition until trees 

in secondary forests attain a diameter at breast height (dbh) of 10 cm. Forest age should 

be the primary factor affecting woody debris inputs, as forest with higher biomass will 

input more woody debris. I hypothesized that the rate of decomposition would be species 

dependent. Furthermore, I expected decomposition to be slow initially, then to increase 

(for a period of time), and then to slow once again. Time should be the primary factor 

affecting woody debris decomposition, because after an initial period of colonization by 

microbes and fungi, the decomposition rate should increase until only recalcitrant 

compounds remain. 
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2.2 Methods          

2.2.1 Study region           

 The southern forests of two Mexican states, Campeche and Quintana Roo, 

compose the Southern Yucatán Peninsular Region (SYPR) (Figure 1). With annual 

precipitation varying along a northwest-southeast gradient from approximately 900 to 

1400 mm/yr (Lawrence and Foster 2002) and a mean annual temperature of 25ºC 

(Whigham et al. 1990), the Holdridge life zone system classifies this region as a dry 

tropical forest (Holdridge et al. 1971). El Refugio (18°49’N, 89°27’W), with a mean 

annual rainfall of approximately 900 mm, is situated in the north-central area of the 

SYPR in the state of Campeche. Miranda (1958) classified the forest of this region as 

Selva mediana subperennifolia (medium semi-evergreen forest) with a canopy height of 

11-13 m in mature forest (Read and Lawrence 2003). High seasonal and yearly variation 

in precipitation combined with shallow, calcareous, and highly permeable rendzina soils 

(Whigham et al. 1990) result in few permanent sources of surface water (White and 

Darwin 1995), but produce seasonal wetlands in low areas or ‘bajos’. The dry period in 

El Refugio is typified by <50 mm of precipitation per month beginning between 

November and January and lasting five to seven months (Lawrence and Foster 2002). 

The wet period (>50 mm of precipitation per month) lasts from July to December with 

peak rainfall in September/October (Lawrence and Foster 2002).  

2.2.2 Stocks, inputs, and decomposition of woody debris 

 Woody debris stocks are highly variable in forests (Grove 2001) and with sparse 

literature available for intersite comparisons, caution was taken to conform to “standard” 

methods set forth by Harmon et al. (1986) and Harmon and Sexton (1996). May to June 
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2002 and 2003, woody debris was intensively sampled on six farmers’ land in El 

Refugio. I sampled five sites per farmer including a current agricultural field (milpa), 3 

secondary forest fallows (acahuals) of different ages (young, middle, and old, or 1-5 yr, 

6-11 yr and 12-16 yr respectively), and a mature forest where selective timber extraction 

ended in the early 1960’s (montaña). A total of 28 sites were sampled (Table 1); not all 

parcels included all land cover types. I did not control for cultivation history. After 

determining the age of the site, I determined the number of prior cultivation-fallow cycles 

through interviews. 

 At most sites, coarse woody debris (dbh ≥ 10 cm) was sampled in two 16-m 

radius circles (Figure 2) totaling 0.16 ha per site. At two sites only one circle was 

sampled. The center point of each circle was randomly located within each stand such 

that the circle was at least 10 m from the edge of the land-use unit. In an anthropogenic, 

fire-dominated, low-stature forest, sampling a minimum length of coarse woody debris 

(1.5 m set by Harmon and Sexton 1996) would have grossly underestimated the mass of 

woody debris. Under shifting cultivation in the SYPR, intentional slash fires occur every 

3-15 years and unintentional fires may occur more often. Such frequent fires and 

anthropogenic disturbance disproportionately reduce the length to mass ratio of woody 

debris. Thus, all coarse woody debris, regardless of length, was included in surveys.  
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Table 1.  Woody debris sampling sites in El Refugio. 
 

El Refugio (28 sites)     
Site name Age1 # of swidden cycles  

Juan 0 1 
Raphael 0 1 
Domingo 0 2 
Domingo 0 2 
Raphael2 0 2 
Hermelindo 5 1 
Raphael 5 1 
Juan 5 3 
Alfredo 6 2 
Cornelio 7 2 
Domingo 7 2 
Cornelio 8 1 
Hermelindo 8 1 
Raphael 9 1 
Alfredo 10 3 
Cornelio 11 2 
Alfredo 13 1 
Domingo 13 2 
Raphael 14 1 
Hermelindo 15 1 
Juan 15 1 
Juan2 16 1 
Alfredo Montaña 0 
Cornelio Montaña 0 
Domingo Montaña 0 
Claudio Montaña 0 
Juan Montaña 0 
Raphael Montaña 0 
1Age of successional forest in May 2002.  
2Sites only have one sampling circle. 
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Figure 2.  Coarse and fine woody debris sampling design. 
Coarse woody debris was sampled in two 16-m radius circles for each site. Fine woody 
debris was sub-sampled in eight 1-m2 quadrats within each coarse woody debris plot.  
 

  

 Each piece of coarse woody debris was numbered and marked with spray paint. 

The length and diameter to the nearest cm (approximately every meter of length) were 

measured. A decay class was assigned, ranging from 1 to 5 (Harmon et al. 1986, Pyle and 

Brown 1998). Class 1 consisted of coarse woody debris in the least decayed state, with 

extensive and firm bark, and twigs and leaves still attached. Class 2 woody debris was 

still solid, had extensive bark that may have been peeling or burned, and generally lacked 

fine twigs and leaves. Class 3 debris was typified by the absence of bark, occasional 

spongy surface, firmness when pressure was applied by foot, and solid branch stubs. 

Class 4 debris lacked bark and branches, the outer surface may have been case-hardened, 

and the inner wood was spongy or powdered. Debris in decay class 5 lacked shape and 

was predominantly powdered wood. All coarse woody debris that had undergone a burn 

was classified as decay class 2, because firm bark, twigs, and leaves were no longer 

present. A few pieces that had been heavily burned were assigned to decay class 3. 

 Mass of coarse woody debris was calculated for each site using volume and 

density by decay class. Volume of coarse woody debris was calculated using a modified 
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version of Newton’s formula (Table 2) (Harmon and Sexton 1996). Standing dead 

wood volume was calculated as the frustrum of a cone using an equation by Chamber et 

al. (2000) for the upper diameter of the tree. The volume of hollow sections in fallen logs 

was calculated as the volume of a cone (Clark et al. 2001) and subtracted from the total 

volume for the corresponding decay class.  

Table 2.  Equations used to calculate the stocks of coarse woody debris. 
 

Parameter Equation R2 Source 

Volume of CWD V=L*[(Ab+n*Am+At)/(n+2)] ----- Harmon and Sexton 1996 

Diameter at height dht=1.59*dbh*(ht-0.091) 0.87-0.99 Chambers et al. 2000 

Hollow Volume V=π*r2*(ht/3) ----- Clark et al. 2001 
V=volume, L=length, Ab=area at base, Am=area of middle, At=area at top, dht=diameter at 
height, dbh=diameter at breast height, ht=height, r=radius 

 
 To determine density, cross-sections of 181 pieces of coarse woody debris, 

covering a range of species and decomposition classes, were collected from sites on one 

parcel. These sites ranged in age from 0 (milpa) to 13 years. Field samples were dried at 

60º C until they achieved a constant weight and were stored in plastic bags until volume 

could be determined by displacement. Samples were vacuum sealed in plastic to prevent 

the absorption of water (Grove 2001), and then submersed to determine volume. Density 

(g cm-3) was calculated by dividing the oven-dried weight by volume for 2-79 woody 

debris cross-sections per decay class (Table 3). Class 1 was not encountered in our 

surveys as all samples had undergone a burn or showed other indications of 

decomposition. Class 5 was rarely encountered and thus had fewer samples. Mean class-

specific density was multiplied by the volume of coarse woody debris for each decay 

class to arrive at the mass of coarse woody debris for each class. All classes were 
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summed and scaled to 1 ha to yield total coarse woody debris density (Mg/ha) for each 

site.  

Table 3.  Differences in density (p=0.023) and percent carbon (p=0.902) by 
decomposition class.  
Significant difference among decay classes are indicated by different letters.  
  

   Density (g/cm3)    Percent Carbon 
Decomposition 

Class   Mean ± 1 
S.E. 

Significant 
Difference Range # of 

Samples   Mean ± 1 
S.E. Range # of 

Samples 
1  … … … ….  … … …. 
2  0.74 ± 0.03 A 0.22-1.33 79  46.84 ± 0.77 44.03-52.78 20 
3  0.78 ± 0.04 A 0.29-1.41 35  47.25 ± 0.77 41.90-58.04 20 
4  0.62 ± 0.06 B 0.15-1.18 22  46.42 ± 0.77 31.80-53.54 20 
5  0.36 ± 0.19 B 0.28-0.41 2  46.96 ± 2.45 43.38-50.53 2 

Average   0.73 ± 0.02 … 0.15-1.41 138   46.84 ± 0.43 31.80-58.04 62 
 

 Stocks of fine woody debris were measured in eight 1-m2 quadrats within each 

coarse woody debris plot (Figure 2). The eight 1-m2 quadrats were arrayed 8 m from the 

central point in both the primary and secondary directions. All fine woody debris ≥ 1.8 

cm and ≤ 10 cm diameter was collected and weighed. A sub-sample of fine woody debris 

was taken at each site to determine the conversion rate from field moist to oven dry. 

These sub-samples were stored in a cool place and later dried at 60º C to constant weight. 

Site level fine woody debris dry mass was determined by averaging data from the two 

plots.  

 Inputs of coarse and fine woody debris were monitored over a 2 year period. 

Beginning in January 2003, I inventoried coarse woody debris inputs approximately 

every 6 months in the same plots used for coarse woody debris stock measurements using 

the same method as the initial inventory, recording only new (unmarked) pieces. Inputs 

of fine woody debris were estimated using 11-m fixed radius input plots at six sites on 

one farmer’s land: one 6 year old site, two 10 year old sites, one 13 year old site, and two 
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montaña sites. I weighted and removed all fine woody debris from each input plot 

every 6 months. A sample of fine woody debris was taken from each input plot per 

sampling period for wet-dry mass conversions. Annual inputs rates were calculated by 

taking the dry mass of inputs for two sampling periods (approximately one year) dividing 

by the number of days sampled and then standardizing to 365 days. Stocks and inputs of 

coarse and fine woody debris were scaled up to megagrams of carbon per hectare 

(Mg/ha). 

 In a 13 year old acahual, over a 2 year period, I investigated the decomposition 

rates of 4 common secondary forest species: Lonchocarpus castilloi, Lysiloma 

bahamensis, Piscidia communis, Bursera simaruba (common names: Machiche, Tzalam, 

Jabin, Chacah rojo). This study focused on two size classes, 11-13 cm (coarse) and 5-7 

cm (fine) in diameter. To ensure that time of tree death (thus woody debris origin) was 

known, all samples for the decomposition study were taken from a single milpa cut and 

burned from secondary forest in April/May 2002. Harmon and Sexton (1996) suggest 

size classes ranging from 1 cm to 100 cm in diameter with a length to diameter ratio of 

10:1. It was impossible to find woody debris >25 cm diameter, as trees of this size occur 

only in mature forest where the age of woody debris is not known. Most fine woody 

debris <3-4 cm was consumed by the fire and not much coarse woody debris >12 cm was 

present in the milpa. For two size classes, 6 ± 1 cm x 60 cm and 12 ± 1 cm x 120 cm, I 

set out 3 paired samples for each species within 3 m of each other. I measured length, 

diameter, decay class, and mass for all samples every 6 months. In addition, a cross 

section from the middle of one of the paired samples per size class and species was 

harvested to determine changes in nutrient and water content.  
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 Decomposition rates are highly variable and depend on factors such as 

microclimate and size of decaying wood (Boddy and Watkinson 1995). The effect of 

microclimate was minimized by positioning all samples completely in contact with the 

ground within several meters of each other. Other factors such as precipitation, 

temperature, substrate, and organisms (Harmon et al. 1986) should not affect 

decomposition rates in this study because they should not vary systematically on such 

small spatial scales (< 3 m x 3 m).  

2.2.3 Statistical analyses 

 Forest of similar age, and therefore structure, were combined into five age 

categories: milpa, young, middle, and old secondary forest fallows, and montaña. I used 

age class rather than age itself as there was no accurate estimate of the age of montaña 

and farmers may have been inaccurate in remembering the age of their acahuals. In some 

instances it was necessary to treat the number of prior swidden cycles as a categorical 

variable with two groups: montañas (never cleared in recent history) and secondary forest 

fallows (one or more cycles). 

 Because cultivation in El Refugio began in the 1970’s, only young sites have 

undergone two or more swidden cycles. Thus, age and number of prior cycles were 

negatively correlated (Pearson correlation coefficient r=-0.751). Two separate ANOVAs 

were used to determine the effect of age class and the number of prior swidden cycles on 

the total woody debris stock. This initial analysis was used to investigate trends that may 

be obscured with the removal of a covariate in further analyses. I used analysis of 

covariance (ANCOVA) to remove the influence of the number of swidden cycles, when 

further investigating age effects. Age class was assigned as a fixed factor and the number 
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of prior swidden cycles was assigned as a covariate. Non-significant models were re-

run without the covariate in which case the model was run as a one-way analysis of 

variance (ANOVA), with either age class or the number of swidden cycles as a fixed 

factor. Coarse woody debris stocks were square root transformed to meet the assumptions 

of ANOVA (Sokal and Rohlf 1995). Fine woody debris stocks did not meet the 

assumptions of ANOVA, so results should be interpreted with caution. 

 Woody debris fluxes, both inputs and decomposition, were analyzed using 

repeated measures ANOVA and ANOVA. The effect of forest type (montaña versus 

secondary forest) and time on coarse and fine woody debris inputs were analyzed by 

repeated measures ANOVA. Input data on coarse and fine woody debris could not be 

transformed to meet the equality of variances assumption of ANOVA and results should 

be interpreted with caution. A one-way ANOVA was further used to investigate whether 

the rates of coarse and fine woody debris inputs were significantly different in mature and 

secondary forests. A repeated measures ANOVA was also used to analyze the effects of 

species and time on percent dry mass remaining in the decomposition study. The two size 

classes in the decomposition study were analyzed separately to eliminate confounding 

effects due to differences in microbial and fungal colonization rates. Decomposition rates 

by species and size class were calculated as the slope of a linear regression of the natural 

log transformed percent mass remaining versus time (Olson 1963).  

 Estimated marginal means are reported for all models. Post-hoc tests involved a 

pair-wise contrast when ANCOVA or repeated measures ANOVA yielded significant 

results (p<0.05). A Tukey’s honestly significant difference (Tukey HSD) test was used to 

test among means following a significant ANOVA (p<0.05). Back-transformed means 
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are presented with 95% confidence limits, rather than standard error. All statistics were 

carried out using SPSSv.11.5 (2002). 

2.3 Results          

2.3.1 Stocks of woody debris  

 The total stock of woody debris ranged from a low of 2.77 Mg/ha, in an 8 yr old 

secondary forest fallow during the first swidden cycle, to a high of 94.92 Mg/ha found in 

a milpa which was being cultivated for the first time. Coarse woody debris stocks 

accounted for nearly 75% of total woody debris stocks over all age classes. A one-way 

ANOVA by age class showed a large decrease of woody debris stocks (52 to 20 Mg/ha) 

from milpa to young secondary forest (Figure 3). The stocks tended to decrease with age 

initially and then to increase after 11 years. Stocks of woody debris were significantly 

higher in milpas than in secondary forests between 6 and 16 years old (ANOVA, 

p=0.002). Stocks of woody debris in montañas were not significantly different from those 

in milpas. They are highly variable due to the heterogeneous nature of coarse woody 

debris inputs. Woody debris, as a proportion of total aboveground biomass, declined with 

forest age, from 88% in milpas to 22% in montañas (Figure 4a). This corresponds with 

the rapid increase of live aboveground biomass in secondary forests of El Refugio 

(Figure 4b) (Read and Lawrence 2003). 
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Figure 3.  Woody debris stocks (Mg/ha) as a function of age class. 
Bars represent estimated marginal means ± 1 S.E. (ANOVA, p=0.002). Significant 
differences among age classes (Tukey’s HSD) are indicated by different letters. Data did 
not conform to the assumptions of ANOVA even with data transformation. 
  

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

     Milpa         Young        Middle         Old          Montaña 

M
a
s
s
 o

f 
W

D
 (

M
g

/h
a
)

  
 
 Total woody debris stocks declined as the number of prior swidden cycles 

increased (Figure 5). Montañas (cultivated zero times) had significantly greater stocks 

than areas cultivated three times (AVOVA, p=0.002). Number of prior swidden cycles 

also modifies the relationship between forest age and woody debris mass. Woody debris 

stocks decreased with increasing age until age 10, after which stocks increased until 

montaña levels were reached (Figure 6). This pattern was true for both one and two prior 

swidden cycles.  
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Figure 4a.  Woody debris biomass as a percentage of total aboveground biomass 
(live aboveground biomass+CWD+FWD+forest floor litter) in El Refugio. 
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Figure 4b.  Live aboveground biomass (LAB, Mg/ha) in El Refugio (data from Read 
and Lawrence 2003, with milpa estimates from Hughes et al. 2000).  
Bars show estimated marginal means ± 1 S.E. (ANOVA, p<0.001). Significant 
differences among age classes are indicated by different letters (Tukey’s HSD). 
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Figure 5.  Woody debris stocks (Mg/ha) as a function the number of swidden 
cycles. 
Solid symbols are estimated marginal means with error bars representing upper and lower 
95% confidence limits (ANOVA, p=0.002). Significant differences by number of 
swidden cycles are indicated by different letters. Open symbols show high natural 
variability of data. 
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Figure 6.  Woody debris stocks (Mg/ha) as a function of age by number of swidden 
cycles. 
Best-fit regressions show that trends with age depend on the number of prior swidden 
cycles (1 cycle, p=0.001, R2=0.775; 2 cycles, p=0.197, R2=0.478; only two sites had three 
prior cycles, no model fit). 
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 Both age class (p=0.028) and number of swidden cycles (0.042) significantly 

affected the stocks of coarse woody debris (ANCOVA, p=0.003). Pairwise contrasts 

among means indicated that milpas, with 37.55 Mg/ha, had significantly greater stocks of 

coarse woody debris than secondary forest fallows (Figure 7). Secondary forest fallows 

contained 11.35-12.07 Mg/ha of coarse woody debris regardless of age class. Though 

stocks were lower than in montañas (17.17 Mg/ha), the differences were not significant. 

 The number of swidden cycles was not a significant factor in predicting the stocks 

of fine woody debris; therefore the model was run as a one-way ANOVA by age class. 

Milpas had significantly higher fine woody debris stocks than all other age classes 

(ANOVA, p<0.001) (Figure 8). The mass of fine woody debris stocks decreased from 

13.93 Mg/ha in milpa to 6.38 Mg/ha in the youngest secondary forest. Fine woody debris 

further declined (non-significantly) to 2.66 Mg/ha in old secondary forests before 

increasing to 5.96 Mg/ha in montañas. 
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Figure 7.  Coarse woody debris stocks in El Refugio. 
Bars show estimated marginal means (ANCOVA, p=0.003) with error bars representing 
upper and lower 95% confidence limits, assuming 1.21 swidden cycles. Significant 
differences among age classes are indicated by different letters. 
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Figure 8.  Fine woody debris stocks in El Refugio. 
Bars show estimated marginal means ± 1 S.E. (ANOVA, p<0.001). Significant 
differences among age classes are indicated by different letters. Data did not conform to 
the assumptions of ANOVA following data transformation. 
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2.3.2 Inputs of woody debris 

 Coarse woody debris inputs to montaña were greater than inputs to than 

secondary forest fallows (repeated measures ANOVA, effect of forest type, p=0.002) 

(Figure 9). Inputs to montañas range from 0.038-1.186 Mg/ha/6 months, while secondary 

forests ranged from 0.005-0.075 Mg/ha/6 months. Pairwise contrasts indicated a seasonal 

difference in coarse woody debris inputs, with inputs during the dry season (sampled in 

June) 7 to 31-fold higher than during the wet season (sampled in January). From June to 

January, fine woody debris inputs were high while coarse woody debris inputs were low. 

The opposite was true from January to June. Fine woody debris inputs did not differ 

significantly by forest type (p=0.357) or by season (p=0.436) (Figure 10). In montaña, the 

annual rate of coarse woody debris inputs was very close to that of fine woody debris 

(Figure 11). In secondary forest fallows, fine woody debris inputs were about five times 

as large as inputs of coarse woody debris.  
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Figure 9.  Coarse woody debris inputs in El Refugio. 
Estimated marginal means (± 1 S.E.) were higher in montaña and varied through time 
(repeated measures ANOVA, effect of forest type p=0.002, time effect p<0.001). 
Significant differences over time are indicated by different letters. The study was initiated 
in June 2002, 154 days prior to the first sampling for inputs. 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

         Jan-03           June-03                     Jan-04        June-04 

C
W

D
 I
n

p
u

ts
 (

M
g

/h
a
)

Montaña-A

Secondary-B

 
 
Figure 10.  Fine woody debris inputs in El Refugio. 
Estimated marginal means (± 1 S.E.) did not vary significantly with time or between 
mature and secondary forest (repeated measures ANOVA, effect of forest type p=0.357, 
time effect p=0.436). The study was initiated in June 2002, 154 days prior to the first 
sampling for inputs. 
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Figure 11.  Annual input rate (Mg ha-1 yr-1) of woody debris in El Refugio. 
Bars represent estimated marginal means ± 1 S.E. The effects of forest type on coarse and 
fine woody debris (p=0.01, p=0.357, respectively) were analyzed separately by ANOVA. 
Significant differences between secondary forests and montaña are indicated by different 
letters.  
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2.3.3 Decomposition of woody debris  

 Bursera simaruba (non-decay resistant specie) decomposed faster than 

Lonchocarpus Castilloi, Lysiloma bahamensis, and Piscidia communis (decay resistant 

species) for both coarse and fine woody debris (repeated measures ANOVA, p<0.001). 

For coarse woody debris, the three decay resistant species had 80% of the original mass 

remaining after 1.5 years while Bursera simaruba had only 40% remaining (Figure 12). 

The pattern of mass loss in coarse woody debris was relatively linear for all species. The 

decomposition rate constants (k-values) of coarse woody debris varied by over a factor of 

5 among species (Table 4). With a value of 0.643 yr-1, Bursera simaruba had the highest 

rate. It was 3 to 5 times higher than Lonchocarpus Castilloi (0.214 yr-1), Lysiloma 

bahamensis (0.124 yr-1), and Piscidia communis (0.131 yr-1). 

a 
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 The onset of fine woody debris decomposition was delayed compared to that of 

coarse woody debris. After 154 days Lonchocarpus Castilloi and Lysiloma bahamensis 

had 100% of their mass remaining, where as no species of coarse woody debris had 100% 

of its mass remaining after 154 days. The faster decomposition of Bursera simaruba was 

evident after 154 days for fine woody debris (repeated measures ANOVA, p<0.001). 

With 60% mass remaining for decay resistant species and 30% for Bursera simaruba, 

fine woody debris had a greater percent loss than coarse woody debris after 

approximately 1.5 years (Figure 12, Figure 13). Fine woody debris decomposition 

significantly increased over time indicating a delayed onset of decomposition but a more 

rapid loss of mass after one year (repeated measures ANOVA, p<0.001). The decay rates 

for fine woody debris are higher that the rates of coarse woody debris for the same 

species (Table 4). The decay rate for Bursera simaruba (0.857 yr-1) was twice the rate 

calculated for decay resistant species (0.368-0.857 yr-1). 

Table 4.  Decomposition rate constant (k, year-1) by species and size class. 
  
Latin Name Common Name Size n Mean diameter (cm) k ± 1 S.E. (yr-1)  
Bursera simaruba Chacah rojo  CWD 17 12.93 0.643 ± 0.066 
Lonchocarpus castilloi Machiche  CWD 9 12.51 0.214 ± 0.066 
Lysiloma bahamensis Tzalam  CWD 12 12.97 0.124 ± 0.085 
Piscidia communis Jabin  CWD 12 12.37 0.131 ± 0.066 
Bursera simaruba Chacah rojo  FWD 17 5.66 0.857 ± 0.073 
Lonchocarpus castilloi Machiche  FWD 17 6.44 0.368 ± 0.066 
Lysiloma bahamensis Tzalam  FWD 17 6.46 0.377 ± 0.073 
Piscidia communis Jabin  FWD 17 6.15 0.403 ± 0.066 
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Figure 12.  Decomposition of coarse woody debris in four tree species. 
Estimated marginal means of percent mass remaining declined significantly with time 
and more quickly in Bursera simaruba (repeated measures ANOVA, species effect 
p<0.001, time effect p<0.001). Original size of coarse woody debris pieces were 12 ± 1 
cm x 120 cm. Significant differences over time are indicated by different letters. 
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Figure 13.  Decomposition of fine woody debris in four tree species. 
Estimated marginal means of percent mass remaining declined significantly with time 
and more quickly in Bursera simaruba (repeated measures ANOVA, species effect 
p<0.001, time effect p<0.001). Original size of fine woody debris pieces were 6 ± 1 cm x 
60 cm. Significant differences over time are indicated by different letters. 
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2.4 Discussion          

2.4.1 Stocks of woody debris  

 Forest age influences natural inputs and decomposition of woody debris. Age 

does not have a great effect on initial woody debris stocks, which are related instead to 

the age and history of the forest that was burned prior to cultivation and subsequently 

regenerated into the current forest. Coarse and fine woody debris in milpas and young 

secondary forests are a function of the number of times an area has been burnt and the 

intensity of the burn, rather than age alone. 

  Stocks of coarse woody debris in milpas are often much larger than the stocks of 

coarse woody debris present in the forest prior to slash, burn, and cultivation (Figure 7). 

These coarse woody debris stocks decline with each cycle of cultivation because the 

secondary forests that regenerate after the initial clearing contain few large diameter (>10 

cm) trees. When they are then cut and burned, little coarse woody debris is produced, but 

a lot of fine woody debris is produced (Figure 8). The stock of coarse woody debris can 

only increase once trees with a dbh of >10 cm are common, as in mature forests. 

Although coarse woody debris inputs begin to appear after 8-10 years, trees >10 cm are 

likely to be vigorous and to contribute little woody debris through mortality. For the first 

10 to 15 years, decomposition of the initial post-burn stocks will diminish the coarse 

woody debris stocks until inputs from large trees surpass decomposition. The mass of 

fine woody debris is significantly larger in milpas than other age classes (Figure 8), 

presumably due to fine woody debris remaining after incomplete slash and burn. 

Subsequent stocks are the balance of decomposition and inputs of fine woody debris from 
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branch fall in younger secondary forest and branch fall and tree mortality in older 

secondary forest.  

 Inter-study comparison is difficult due to a wide range of coarse and fine woody 

debris size classes, a problem highlighted by Harmon and Sexton (1996) who urged 

unification of methodologies. Stocks of coarse woody debris in montañas of El Refugio 

(31.50 Mg/ha) are similar to those of an undisturbed forest in the northern Yucatán 

Peninsula (33.3 Mg/ha following Harmon et al. 1995). Lower coarse woody debris stocks 

in ER reflect a history of logging that selectively removed the largest trees over the past 

50-100 years (Klepeis 2000). Stocks in ER were larger than in dry tropical forests of 

Venezuela (4.8 and 6.6 Mg/ha) that receive 800 and 1500 mm/yr (Delaney et al. 1998). 

As expected, coarse woody debris was larger (52.8 Mg/ha) in an old-growth rainforest of 

Costa Rica (Clark et al. 2001) than in El Refugio. 

 Few studies are available for comparison of the distribution of woody debris 

stocks and fluxes over the course of forest succession. Previous studies focused on the 

role of woody debris during secondary succession following logging and clear-cut 

disturbances (Mattson et al. 1987, Grove 2001). Mattson et al. (1987) reported very large 

stocks of coarse and fine woody debris in a temperate forest of North Carolina 

immediately following clear-cutting, but a rapid decline in the first seven years. Grove 

(2001), working in Australian lowland tropical rainforest, found the largest volume of 

coarse woody debris in old-growth forest and lowest in secondary forest disturbed by 

logging. Although these studies offer some values for comparison, fire was not an 

integral part of their ecosystems, making inter-site comparisons difficult. 
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 As found by Brown and Lugo (1990), the relative contribution of coarse woody 

debris to total aboveground biomass declined with forest age in El Refugio. Woody 

debris in montañas accounted for just over 22% of the total aboveground biomass. This 

value is slightly higher than Harmon et al. (1995), who did not quantify forest floor litter 

and found woody debris composed 15.4% of total aboveground biomass in undisturbed 

forest ca. 400 km to the northeast of El Refugio. These values are intermediate compared 

to other forests. Delaney et al. (1998) found woody debris was 2.0-3.4% of total 

aboveground biomass in dry to very dry tropical mature forest. Woody debris was 33% of 

estimated live aboveground woody biomass for old-growth tropical rain forest or just 

under 25% of total aboveground biomass (Clark et al. 2001). Krankina and Harmon 

(1995) indicate that woody debris accounts for 20% of the total wood mass in southern 

taiga old-growth forests of north-western Russia. 

 This study raised several methodological issues. Contrary to expectations, the 

density of woody debris cross-sections only significantly differed between decomposition 

class one and two versus three and four (Table 3). This may be attributed to species 

differences and/or inaccuracies when measuring volumetric displacement. Species 

differences can lead to misclassification of decay classes for coarse woody debris 

(Delaney et al. 1998). Misclassification could occur when pieces of woody debris have 

rotten bark and sapwood but sound heartwood or the opposite (case-hardened sapwood 

but a rotten or hollow center). Sampling of fine woody debris stocks could have been 

improved with larger sampling quadrats. Fine woody debris is highly spatially variable 

and larger quadrats would yield a better estimate.  
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2.4.2 Inputs of woody debris 

 Inputs of woody debris have been estimated using the mortality rates of tree 

species (Sollins 1982, Krankina and Harmon 1995) but they can be more directly 

measured. Although Gholz et al. (1979) and Harmon and Sexton (1996) have developed 

methods for measuring or estimating the inputs of coarse and/or fine woody debris, few 

studies to date have utilized their methods. Clark et al. (2001) measured 4.9 Mg ha-1 yr-1 

of coarse woody debris input in old-growth tropical rain forest of Costa Rica, over five 

times the input measured in this study (0.91 Mg ha-1 yr-1). Harmon et al. (1986) found 

that coarse woody debris inputs varied as a function of both ecosystem productivity and 

the massiveness of the trees. The removal of large trees through selective logging in the 

SYPR (Klepeis 2000) and lower aboveground biomass in dry tropical forest (128 Mg/ha 

for the montañas of El Refugio, Read and Lawrence 2003) can explain this difference. 

Using an analysis of sample variance, Clark et al. (2001) indicated that inputs of coarse 

woody debris were measured with “low precision” in their 18 0.5-ha plots. This study, 

based on 0.16 ha per site, may suffer from low precision as well, despite the lower stature 

of dry forests. 

 The significant difference in coarse woody debris inputs in montaña versus 

secondary forest fallows was expected because trees greater than 10 cm diameter do not 

occur until age 8 (Figure 14). Although secondary forests are productive ecosystems, the 

small stature of trees in young forests limit natural coarse woody debris inputs. Almost 

all coarse woody debris inputs resulted from large branch fall rather than tree mortality, 

except in forested areas that were accidentally burned. Higher input rates from January to 

June are more likely due to escaped fires in April and May rather than water stress during 
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this dry period. Although the seasonal trend in fine woody debris inputs was not 

significant, higher input rates from June to January could be due to the effect of 

hurricanes during the wet season (July to December). It could also reflect the delayed 

effects of seasonal drought followed by stormy weather and high winds. The similarity 

between coarse and fine woody debris inputs in montaña was surprising (Figure 11) but is 

most likely particular to mature forests recovering from selective timber harvest.  

Figure 14.  Distribution of stems by diameter at breast height among secondary 
forest and montañas in El Refugio (after Read and Lawrence 2003). 
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2.4.3 Decomposition of woody debris 

 Decomposition rate constants in this study ranged from 0.131 to 0.643 year-1 for 

coarse woody debris, and 0.368 to 0.857 year-1 for fine woody debris. Mattson et al. 

(1987), in a mixed hardwood forest in North Carolina, found 10-fold variation in 

decomposition among species and found that fine woody debris decomposed twice as fast 

as coarse woody debris. The findings of this study are in agreement with Mattson et al. 

(1987). The average decomposition rates in this study, 0.278 year-1 for coarse woody 
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debris and 0.501 year-1 for fine woody debris, are modestly higher than values for 

similar size classes in the northern Yucatán Peninsula (0.197 year-1 for coarse woody 

debris and 0.384 year-1 for fine woody debris, Harmon et al. 1995). The rates of 

decomposition were higher in this study, despite higher precipitation in the northern 

Yucatán (1100 mm/yr versus 890 mm/yr in El Refugio). Differences in decomposition 

rates are likely due to species differences and the effect of fire on decomposition. In this 

study, I assessed the decomposition of woody debris derived from a burned secondary 

forest (<25 years old), whereas Harmon et al. assessed woody debris in undisturbed and 

disturbed mature forest. Secondary forest species are likely to have a higher nutrient 

content than mature forest species. Fire could have increased the rate of decomposition in 

this study by removing bark and facilitating colonization by decomposers. 

 My value of 0.278 year-1 for coarse woody debris is higher than all 20 

decomposition rates compiled by Chambers et al. (2000). As found here, Harmon et al. 

(1995) did not observe a slowing of decomposition with time, although this is an 

assumption in models such as the negative exponential decomposition model (Olson 

1963). Decomposition has been shown to follow a pattern of colonization by 

decomposers, a period of exponential mass loss, and finally a period of slow 

decomposition (Harmon et al. 1986, Harmon et al. 2000). Neither, coarse or fine woody 

debris showed an exponential mass loss as in Olson’s study (1963), nor did they conform 

to the pattern of decomposition found in Harmon’s studies possible due to the shorter 

duration of this study. 
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2.5 Conclusion       

 Following conversion to swidden agriculture, stocks of woody debris were 

initially large. They decreased with age and until the forest matured and the rate of 

woody debris inputs surpassed decomposition. Then, upon re-clearing, the cycle began 

again, but with lower initial socks. Thus, the number of prior cultivation cycles 

significantly altered the relationships between woody debris and age. The amount of 

coarse woody debris in milpas and young secondary forest fallows of the SYPR is a 

considerable percentage (88% and 50%, respectively) of the total aboveground biomass 

stock. My hypothesis that the number of prior swidden cycles, and therefore fire 

frequency, was the main factor affecting the size of aboveground woody debris stocks 

was only partially substantiated by this study. Although the number of swidden cycles 

significantly affects stocks of coarse woody debris, and may initially control the amount 

of woody debris in young forests, forest age was the primary factor affecting the stocks 

and inputs of woody debris. Decomposition rates were controlled by species specific 

properties and time.  

 Coarse woody debris stocks account for approximately 75% of total woody debris 

over all age classes. As a consequence, at least in disturbed ecosystems, studies that 

overlook fine woody debris will ignore 25% of the pool. Clearly, ignoring woody debris 

in a landscape with an increasing extent of young secondary forest has lead to 

mischaracterization of forest carbon stocks and the timing of carbon fluxes. If carbon 

cycling models are going to be used to estimate and predict the effects of increased 

atmospheric carbon dioxide, the fluxes and pools of woody debris must not be over 

looked. 
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3 CARBON BUDGET OF SECONDARY FORESTS   

3.1 Introduction          

3.1.1 Carbon emissions and shifting cultivation   

 More than 21% of the world’s forests are found within the tropical Americas 

(Dixon et al. 1994), containing just over 10% of carbon found in the worlds’ terrestrial 

ecosystem (after Houghton and Skole 1990 and Dixon et al. 1994). The Maya Forest 

spanning southern Mexico, Belize, and Guatemala, is the second largest contiguous 

neotropical forest following Amazonia, and is considered a hot spot for both biodiversity 

and tropical deforestation (Achard et al. 1998, Cincotta et al. 2000). The forest is being 

fragmented due to shifting cultivation, illegal logging, and clearing of forest for pasture 

(Rodstrom et al. 1998). Land-use is altering the structure and function of forest 

ecosystems, in areas where ecological processes are only partially understood (Whigham 

et al. 1998). Increased interest in climate change has precipitated much of the current 

work on the deleterious effects of humans on biogeochemical cycling worldwide. Land-

use and land-cover changes account for the second largest human induced flux of carbon 

dioxide to the atmosphere, following the combustion of fossil fuels (Houghton and Skole 

1990).  

 Accurate estimates of global carbon emissions depend on quantifying the carbon 

stocks in secondary forests. At the end of the 20th century, degraded and secondary 

forests accounted for roughly 60% of tropical forested areas (ITTO 2002), and they are 

increasingly regarded as an important carbon sink following the original losses associated 

with forest clearing. Detailed national studies of carbon emissions will lessen global 

uncertainty by decreasing the errors inherent in scaling up in situ forest measurements to 
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large spatial extents representing various forest coverages (Masera et al. 1997). Carbon 

emissions estimated for Mexico vary by a factor of five, due in part to the misapplication 

of deforestation rates to different types of forest (Masera et al. 1997). Uncertainty also 

stems from the paucity of data on carbon emissions from the forest sector (Masera et al. 

1997). Quantifying the stocks of carbon in Mexico’s differing forest types (Cairns et al. 

2000) will decrease this uncertainty.  

 The large spatial extent and heterogeneous nature of lands undergoing swidden 

agriculture, or shifting cultivation, present challenges to quantifying the amount of 

carbon in these lands. For rapidly changing ecosystems in tropical countries, Houghton et 

al. (1991a, b) suggest that quantifying carbon requires an emphasis on sampling forests of 

several ages and land-use histories. Young secondary forests act as a carbon sink and 

mature forests (when later cut) as a carbon source. These differences in forest age and 

land-use history, and therefore structure and function, lead to the uncertainty of estimates 

of net carbon emissions throughout the world.  

3.1.2 Research objectives and hypotheses    

 The major objectives of this study were to determine the significant factors 

affecting the size and distribution of forest carbon pools along a successional gradient 

and to estimate the carbon budget of three different forest tracts in the Southern Yucatán 

Peninsular Region (SYPR). I focused on the influence of forest age, region, and number 

of prior swidden cycles on the stocks of carbon in live aboveground biomass (LAB), 

woody debris (WD), forest floor litter (FFL), roots, and soil. I worked in dry tropical 

secondary forest at the northern extent of the Maya Forest in the Southern Yucatán 

Peninsular Region (Figure 1), in areas undergoing swidden agriculture. I inventoried a 
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chronosequence of sites at three locations along a regional gradient of precipitation. I 

calculated above and below ground carbon stocks for each location using in situ 

measurements and allometric equations derived from the literature to address three 

specific hypotheses, below.  

 Coarse woody debris (CWD) and soil are the only remaining forest components 

after each burn prior to cultivation. I hypothesized that the number of swidden cycles, and 

therefore fire frequency, would have a greater effect than age in determining the size of 

coarse woody debris and soil carbon stocks. Previous research on these sites has 

demonstrated that live aboveground biomass increases with forest age (Read and 

Lawrence 2003). Since both fine woody debris (FWD) and forest floor litter mass are 

derived from aboveground biomass, all three should be affected by similar factors. I 

hypothesized that age would be the dominant factor in determining carbon stocks in live 

aboveground biomass, fine woody debris, and forest floor litter. Finally, based on the 

premise that aboveground biomass increases with precipitation, I hypothesized that total 

system carbon would also increase along a regional precipitation gradient.  

3.2 Methods          

3.2.1 Study sites 

 The study area is in southeastern Mexico, spanning the states of Campeche and 

Quintana Roo. Field work was undertaken in three ejidos (community managed lands 

used for subsistence farming) that form a precipitation gradient: El Refugio (ER, 890 

mm/yr), Nicolás Bravo (NB, 1150 mm/yr), and Arroyo Negro (AN, 1400 mm/yr) 

(Lawrence and Foster 2002). With a mean annual temperature of 25°C, the Holdridge life 

zone system classifies this region as a dry tropical forest (Holdridge et al. 1971). Remote 
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sensing shows that the SYPR is a patchwork of open agricultural land, secondary 

forests, and mature forests, which still dominate 88.6% the landscape as of 1997 (Turner 

et al. 2001). The SYPR is mostly upland forested terrain classified as Selva mediana 

subperennifolia (medium semi-evergreen forest). In this karstic upland, high seasonal and 

yearly variation in precipitation combined with shallow, calcareous, and highly 

permeable rendzina soils (Whigham et al. 1990) result in few permanent sources of 

surface water (White and Darwin 1995). 

 Live aboveground biomass, forest floor litter, and soil were sampled on several 

farms at each ejido (Table 5). Montaña (n = 2-3) and young (n = 3-4), middle (n = 2-3) 

and old (n = 2-5) fallow stands were inventoried. The secondary forest fallow lands 

(acahuales) ranged in age between 2 and 25 years, and varied in the number of times each 

parcel had been previously cultivated. Forest of similar age and therefore structure were 

combined into five age categories: milpa (current year under cultivation), young (1-5 yr), 

middle (6-11 yr), and old (12-25 yr) secondary forest fallows and mature forest 

(montañas). Woody debris required more intensive sampling, as it is highly variable at 

small spatial scales. Intensive surveying of woody debris was concentrated on the 

holdings of six farmers around the driest ejido, El Refugio. Woody debris was sampled in 

5 milpas, 3 young, 8 middle-aged, and 6 old fallows, and 6 montañas (see chapter 2). 

Montañas are areas of mature forest that have been disturbed by selective logging from 

1930 to 1960 (Klepeis 2000). Brown and Lugo (1982, 1990) assert that secondary dry 

tropical forests can attain a biomass similar to mature forest subsequent to 50 years of 

secondary succession. However, Read and Lawrence (2003) suggest that recovery may 

take 55-95 years in the SYPR. Only patches cultivated for maize and those which have 
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not received chemical inputs (fertilizer, pesticide, or herbicide) were included in the 

study in order to limit the effects of varying land-use management practices. 

Table 5.  Live aboveground biomass, forest floor, and soil sampling sites in the 
SYPR (from Read and Lawrence 2003).  
 

El Refugio (13 sites) Nicolas Bravo (13 sites) Arroyo Negro (10 sites) 
      

Site name Age1 

# of 
swidden 
cycles  Site name Age1 

# of 
swidden 
cycles  Site name Age1 

# of 
swidden 
cycles  

Hermelindo 2 1 Agustin 3 3 Antonio 4 4 
Juventino 3 2 Pedro 5 2 Fermin 5 2 
Juan 4 2 Enrique 5 2 Gilberto 5 1 
Hermelindo 5 1 Agustin 6 2 Gilberto 7 2 
Rufino 8 1 Benito 8 2 Antonio 8 2 
Juan 8 1 Pedro 16 2 Fermin 9 3 
Juventino 10 1 Benito 18 1 Fermin 15 2 
Juan 12 1 Pedro 24 1 Antonio 18 2 
Hermelindo 12 1 Enrique 25 1 Antonio Montaña 0 
Juventino 12 1 Agustin 25 1 Jose Montaña 0 
Victor Montaña 0 NB1 Montaña 0    
Camino Principal Montaña 0 NB2 Montaña 0    
Roberto Montaña 0 Calakmulita Montaña 0       
1Age of successional forest in January 1999.  

 
3.2.2 Forest components   

 Read and Lawrence (2003) estimated aboveground biomass in ER, NB, and AN 

using stand inventories and regression equations. A nested sampling regime was used to 

measure stems greater than 1.0 cm diameter at breast height (dbh) at 10-13 sites per 

location (total 36). Read and Lawrence (2003) followed the regression equation of 

Martínez-Yrizar et al. (1992) for similar dry tropical forest to determine biomass based 

on dbh, height, and wood density. Biomass of palm trees ≥3 cm dbh was estimated from 

an equation developed by Hughes et al. (1999), and liana biomass was estimated using a 

multi-species equation developed by Gerwind and Lopes Farias (2000). For this study, 
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these biomass data were converted to carbon stocks using a carbon value of 45% 

(Woomer and Palm 1998). 

 Woody debris was inventoried on six farmers’ parcels within El Refugio. At each 

parcel, I inventoried a current agricultural field (milpa), young, middle and old secondary 

forest fallows (acahuales), and a mature forest where selective timber extraction ended in 

the early 1960’s (montaña) for a total of 28 sites (Table 1, see chapter 2). Mass of coarse 

woody debris was calculated for each site using volume and density by decay class. 

Stocks of fine woody debris were measured in eight 1-m2 quadrats within each coarse 

woody debris plot. Carbon stocks were determined from dry coarse woody debris mass 

and percent carbon. Percent carbon was determined from 62 cross sections of coarse 

woody debris (below). Field samples were dried at 60º C to a constant weight and ground 

to a fine powder using a Wiley Mill for percent carbon analysis. Sub-samples of forest 

components were analyzed for percent carbon using a Carlo Erba NA 2500 Elemental 

Analyzer. The average carbon value for the 62 cross sections was multiplied by the mass 

of coarse woody debris. The mass of carbon in the five classes of coarse woody debris 

was summed for each circle and values for the two circles within each site were averaged. 

Fine woody debris mass was converted to a carbon stock using the mean percent carbon 

value for all decomposition classes, as above.  

 Fine litter on the forest floor (including wood <1.8 cm in diameter) was collected 

from four 1-m2 quadrats in each of the 36 sampling sites (Table 5) across the region 

(Lawrence and Foster 2002). Litter was weighed in the field and sub-samples were set 

aside for wet-dry conversion ratios and nutrient analysis. This estimate of forest floor 

litter mass, the mean of the four quadrats, is likely to be low. The collection was made at 
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the end of the wet season (November-December 1999), well after peak litter fall from 

March-April. Carbon stocks were determined for each site from the dry mass and 

corresponding carbon value, as above. 

 Lawrence and Foster (2002) sampled the top 15 cm of soil by compositing 

samples (32 cores per plot) in each of their 36 plots. At each plot, one hole was dug to 

sample at a depth of 50 cm and 100 cm, where possible. All soils cores were taken with a 

2.5 cm diameter auger, sieved using a 2 mm sieve, air dried, and stored in Ziploc bags 

until carbon analysis could be performed. Percent organic carbon was determined as the 

difference between total and inorganic soil carbon (Ellert et al. 2001). Percent total 

carbon was determined by analyzing untreated soil samples on a Carlo Erba NA 2500 

Elemental Analyzer. Sub-samples were placed in a muffle furnace at 500º C for 6 hours 

to release organic carbon, then analyzed as above. Percent organic carbon was calculated 

by subtracting inorganic carbon (heated samples) from the total carbon (untreated 

samples). 

  Soil bulk density was calculated for each site using organic matter, clay content, 

and silt content (Rawls 1983) of samples 0-15 cm deep. The soil bulk density estimates in 

this study ranged from 0.54-1.01 g/cm3. These estimates were similar to estimates from 

Yucatán, Mexico (northwest of the SYPR) of ≈0.5 g/cm3 by Campo and Vázques-Yanes 

(2004), and 0.56-1.25 g/cm3 found south of the SYPR in Guatemala (Popenoe 1957). 

Because data on soil texture at depth were not available, I assumed bulk density did not 

change with depth. This assumption should lead to an underestimate of soil carbon, as 

bulk density is expected to increase with depth. Percent organic carbon for each 

centimeter of depth was calculated from natural log regressions between depth and 
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percent organic carbon for each site. These regressions were based on percent carbon 

values from 0-15 cm, 45-50 cm, and 95-100 cm (or the deepest 5 cm sampled), using the 

midpoint of each depth class as the independent variable. Soil organic carbon stocks were 

calculated by multiplying bulk density by percent organic carbon for each centimeter of 

depth (Woomer et al. 2001) and summing over the depth of soil for each site (usually 100 

cm, but as shallow as 63 cm in a few cases).  

 Cairns et al. (1997) developed several allometric equations due to the perceived 

inaccuracies of using generalized root to shoot ratios to estimate root biomass. In our 

study, root biomass density (RBD) was estimated using the following equation. 

 RBD (MG/ha) = exp[-1.3267 + 0.8877(ln ABD) + 0.1045(ln AGE)] 

This equation was based on aboveground biomass density and forest age, two of the most 

important predictors of root biomass density (Cairns et al. 1997). The root biomass 

estimates from this equation were then multiplied by a carbon value of 45% (Woomer 

and Palm 1998) to calculate the mass of carbon stored in roots. 

3.2.3 Statistical analyses 

 As previously mentioned, forest of similar age and therefore structure were 

combined into five age categories. I used age class rather than age itself as there was no 

way to determine the age of montaña. Furthermore, age classes allowed for some 

uncertainty in farmer-derived age estimates of secondary forests. Live aboveground 

biomass and coarse woody debris data were square root transformed in order to meet the 

assumptions of analysis of variance (ANOVA, Sokal and Rohlf 1995).  

 Because cultivation in the SYPR began in 1970’s and fallows tend to be 3-15 

years, only young sites have undergone two or more swidden cycles. The number of prior 
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swidden cycles was negatively correlated with age throughout the region and in El 

Refugio where intensive woody debris sampling took place (Pearson correlation 

coefficient r=-0.761 and r=-0.751, respectively). I used an analysis of covariance 

(ANCOVA) to account for the influence of the number of prior swidden cycles while 

examining the effects of forest age class. The complete ANCOVA model to analyze the 

effect of ecosystem drivers on forest components featured age class and region as fixed 

factors with the number of swidden cycles as a covariate. Estimated marginal means were 

reported for significant ANCOVA models. Coarse woody debris and fine woody debris 

were analyzed using a similar ANCOVA model without the regional component, as 

woody debris was sampled at only one location. Age-specific coarse and fine woody 

debris means derived in ER were then used for all regions to estimate total system carbon 

stocks. Non-significant models were rerun without either the regional effect, the covariate 

(in which case the model was run as a two-way ANOVA), or both (resulting in a one-way 

ANOVA). A Tukey’s honestly significant difference (Tukey HSD) test was used to 

determine differences among means following a significant ANOVA. The back-

transformed means were presented with 95% confidence limits. Neither raw nor 

transformed fine woody debris data met the assumptions of ANOVA, so fine woody 

debris results should be interpreted with caution. All statistics were carried out using 

SPSSv.11.5 (2002). 

3.3 Results          

3.3.1 Live aboveground biomass carbon stocks 

 The carbon stocks in live aboveground biomass throughout the 36 sites in the 

SYPR ranged from 4.77 Mg/ha in a three year old secondary forest to 73.49 Mg/ha in 
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montaña. Age class (p<0.001), region (p=0.027), and the number of swidden cycles 

(p=0.023) significantly influenced the carbon stocks in live aboveground biomass (Table 

6). The northern-most ejido (ER) held significantly less live aboveground biomass carbon 

(Figure 15) than the central ejido (NB, p=0.011) but not than the ejido furthest south 

(AN, p=0.416). Live aboveground biomass carbon stocks in montaña were significantly 

greater than in secondary forest. Young and middle age classes were significantly less 

than older secondary forest and montaña.  

Table 6.  Significant models of carbon stocks by forest component. 
Only significant factors (shown) were retained in final models. 

            
Dependent variable Fixed factor 1 Fixed factor 2 Covariate Sig. model Full model  

        P-value adjusted r2 
Live aboveground biomass carbon Age  Region # of swidden cycles <0.001 0.866 
Coarse woody debris carbon Age  ----- # of swidden cycles 0.003 0.430 
Fine woody debris carbon1 Age  -----  <0.001 0.553 
Forest floor carbon Age  Region  0.017 0.372 
Soil organic carbon (up to 1 m) Age     0.007 0.268 
1Fine woody debris did not meet the assumptions of ANOVA. 
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Figure 15.  Live aboveground biomass carbon (all stems > 1 cm dbh). 
Bars represent estimated marginal means (ANCOVA, p<0.001) with error bars showing 
upper and lower 95% confidence limits, assuming 1.31 swidden cycles. Significant 
differences among age classes and region are indicated by different letters.  
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3.3.2 Coarse woody debris carbon stocks 

 Both age and the number of prior cycles were needed to significantly predict the 

carbon stocks in coarse woody debris (ANCOVA, p=0.003). Although highly variable, 

coarse woody debris carbon stocks (Figure 16) in milpas were twice as large as stocks 

found in montaña and three times as large as stocks in secondary forest fallows. Coarse 

woody debris stocks did not differ among secondary forests. Percent carbon did not differ 

significantly by decomposition class (ANOVA, p=0.902). Thus, carbon stocks in coarse 

woody debris depend entirely on the volume of coarse woody debris rather than its state 

of decomposition. 

Figure 16.  Coarse woody debris carbon (> 10 cm diameter). 
Bars represent estimated marginal means (ANCOVA, p=0.003) with error bars showing 
upper and lower 95% confidence limits, assuming 1.21 swidden cycles. Significant 
differences among age classes are indicated by different letters. 
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3.3.3 Fine woody debris carbon stocks 

 The number of swidden cycles was not a significant factor in predicting the 

carbon stocks of fine woody debris, but age class was (one-way ANOVA, p<0.001). 

Pairwise contrasts indicated that milpas contained a significantly larger amount of fine 

woody debris carbon than other age classes (Figure 17). Carbon stocks of fine woody 

debris decreased (non-significantly) with increasing age until the montaña was attained. 

Figure 17.  Fine woody debris carbon (1.8 cm < x < 10 cm in diameter). 
Bars represent estimated marginal means ± 1 S.E. (ANOVA, p<0.001). Significant 
differences among age classes are indicated by different letters. 
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3.3.4 Forest floor litter carbon stocks 

 Forest floor litter was highly variable. A two-way ANOVA (p=0.017) indicated 

that both age class (p=0.006) and region (p=0.007) significantly influenced litter mass on 

the forest floor (Figure 18), but number of prior cycles did not. Forest floor litter carbon 

stocks in El Refugio were lower than in Nicolás Bravo (Tukey HSD, p=0.026) and 

Arroyo Negro (Tukey HSD, p=0.009). Forest floor litter carbon stocks in Nicolás Bravo 

and Arroyo Negro were not significantly different. Forest floor litter carbon was 

significantly lower in the young age class than in montaña (Tukey HSD, p=0.004). 

Despite a trend toward higher values in middle-aged secondary forest than in younger 

forests, forest floor litter carbon did not differ significantly among secondary forests. 

Figure 18.  Forest floor litter carbon (leaves plus all debris < 1.8 cm in diameter). 
Bars represent estimated marginal means ± 1 S.E. (two-factor ANOVA, p=0.017). 
Significant differences among age classes and region are indicated by different letters.  
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3.3.5 Soil organic carbon stocks   

 Neither the regional gradient nor the number of swidden cycles affected stocks of 

soil organic carbon, but age class (Figure 19) was a significant predictor (ANOVA, 

p<0.007). The young age class did not differ significantly from either older secondary 

forest or montañas (Tukey HSD, p>0.05). Montaña had significantly more soil organic 

carbon than the middle and old age classes (Tukey HSD, p<0.05). The soil organic 

carbon stock was the largest stock of carbon for each age class comprising at least 72% of 

the total carbon stocks (Figure 20) and up to 94% of the total in young forests. 

Figure 19.  Soil organic carbon to 1 m depth. 
Bars represent estimated marginal means ± 1 S.E. (ANOVA, p=0.007). Significant 
differences among age class are indicated by different letters. Soil carbon did not differ 
significantly by region. 
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Figure 20.  Soil organic carbon as a percentage of the total carbon stock to 1 m 
depth. 
Bars represent arithmetic means ± 1 S.E. 
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3.3.6 Root carbon stocks 

 Although root biomass was calculated on live aboveground biomass values, 

trends differ from live aboveground biomass as the covariate, number of prior swidden 

cycles, was not removed for root carbon stocks. Stocks of root carbon ranged from 1.64 

to 7.18 Mg/ha in secondary forests. Roots carbon stocks increased 4 to 8 fold from young 

forest to montaña throughout the SYPR attaining a maximum value of 15.60 Mg/ha in 

montaña (Figure 21). There was not an increase in carbon stocks along the regional 

precipitation gradient.  

Figure 21.  Root carbon estimated from live aboveground biomass (after Cairns et 
al. 1997). 
Bars represent arithmetic means ± 1 S.E. 
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3.3.7 Total carbon stocks 

 The total carbon stocks of stands in the SYPR varied more with age class than 

across the region (Figure 22). Total carbon stocks tended to increase along the 

precipitation gradient. The smallest carbon stocks were found in El Refugio (mean 
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291.46 Mg/ha over all classes) while the largest stocks were found in Arroyo Negro 

(mean 327.21 Mg/ha over all classes). Within each ejido, total carbon stocks were largest 

in montañas followed by young secondary forests, with middle-aged secondary forests 

intermediate. 

Figure 22.  Estimated total carbon stock. 
Bars represent arithmetic means ± 1 S.E. For Nicolás Bravo and Arroyo Negro, total 
stocks include estimates of woody debris as described in the text.  
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3.4 Discussion          

3.4.1 Understanding the amount of carbon in a shifting agricultural ecosystem 

 Estimates of carbons stocks in live aboveground biomass for montañas (57.26-

68.14 Mg/ha) are similar to those calculated by Cairns et al. (2000) for Quintana Roo and 

Campeche (59.85 Mg/ha). Jaramillo et al. (2003) calculated substantially lower stocks 
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(26.96-36.33 Mg/ha) in a drier forest in Jalisco, Mexico (679 mm/yr). Although 

significant (Figure 15), the regional gradient in live aboveground biomass carbon is small 

given a precipitation gradient of more than 500 mm. Nicolás Bravo, the central site along 

the regional gradient, had significantly greater live aboveground biomass carbon in three 

of the four age classes than both the northern and southern site. This trend may be due the 

land-use history of the region. Nicolás Bravo is also located on the eastern edge of the 

region, more distant from the longitudinal center of the region than other field sites. It is 

likely that Nicolás Bravo underwent selective harvest for mahogany and spanish cedar 

before El Refugio and Arroyo Negro due to its proximity to a major highway. Therefore, 

montañas of Nicolás Bravo may have had more time to recover from logging disturbance 

than the other ejidos. Human disturbance in Nicolás Bravo in combination with 

differences in elevation and soil type could also explain regional differences. 

 Significantly larger carbon stocks with increasing forest age are a function of 

canopy height and stem density (Read and Lawrence 2003). Short stature young fallows 

have a high stem density. Medium aged fallows are taller than younger fallows; however 

stem density decreases with succession causing live aboveground biomass at levels 

similar to younger fallows. It is also possible that high variability in NB and large live 

aboveground biomass stocks in the young and middle age classes may account for the 

lack of a significant trend between young and middle aged forest. 

 The stock of carbon in coarse woody debris as percent of total aboveground 

biomass carbon in El Refugio decreased from approximately 28% in young secondary 

forest to 18% in montaña. These values are consistent with estimates of 10 to 20% in 

mature forests of North and South America (Turner et al. 1995, Delaney et al. 1998). 
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Estimates from this study are less than the 27% to 29% found by Jaramillo et al. (2003) 

in a mature dry tropical forest or the 25% (not including forest floor litter) in a mature 

wet tropical forest (adapted from Clark et al. 2001).  

 Differences between this and other tropical forests are likely due to the fact that 

fire reduces the amount of coarse woody debris in this ecosystem. The burn prior to 

cultivation influences coarse woody debris carbon stocks for the first cultivation cycle. 

Due to cultivation pressure, land is generally cultivated and burned every 3-15 years. 

Compared to biomass stocks from montaña, stocks of biomass are generally much 

smaller before the second burn. Thus, even if the intensity of the burn is the same, 

resultant inputs of coarse woody debris decrease with increasing number of times an area 

is cultivated. The decline in coarse woody debris with age (Figure 16), due to 

decomposition, is curtailed once the mass of coarse woody debris inputs is greater than 

the amount decomposed. 

 The relative importance of fine woody debris carbon stocks was difficult to assess 

as no literature was available for comparison. The large initial stock of fine woody debris 

in milpas was an unexpected result (Figure 17). This stock is derived from live biomass 

that was not consumed in the burn. These pieces were generally larger than 4 cm in 

diameter. Fine woody debris carbon in the later stages of succession was due to the 

thinning of stems and branch fall, and accordingly, pieces of fine woody debris had 

smaller diameter. 

 Although forest floor litter carbon stocks increased across the region (Figure 18), 

only stocks at the northern most sites were significantly lower than the middle and 

southern sites. This could indicate a threshold effect of rainfall on litter cycling. Increased 
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rainfall may not lead to increased biomass and forest floor litter in the south due to a 

shift in the limiting resource from water to nutrients (Lawrence and Foster 2002). 

Significantly smaller carbon stocks in the young age class compared to older secondary 

forests and montañas may be due to the burn prior to cultivation, higher decomposition 

rates in earlier successional phases of forest development (Xuluc-Tolosa et al. 2003), or 

an increase in litter production with forest age (Lawrence submitted). Forest thinning and 

branch fall in early succession could explain the slightly larger stocks of forest floor litter 

carbon in middle aged fallows compared to old fallows. 

 Estimated root carbon stocks (Figure 21, 13.95 Mg/ha in montaña) agree with the 

root data of Castellanos et al. (1991), converted to carbon stocks (13.95 Mg/ha), from 

Chamela. The estimates of this study are intermediate compared to a second estimate of 

root carbon stocks in Chamela (6.7 Mg/ha, Jaramillo et al. 2003), and an estimate for 

Puerto Rico (20.25 Mg/ha, Murphy and Lugo 1986). Castellanos et al. (2001) have 

predicted a 30% reduction in fine roots following a burn in a mature forest. The values 

estimated in this study would entail a 12-22% reduction in total roots following a burn, 

but the data were derived rather than measured in the field.  

 Estimates of soil organic carbon stocks (225 Mg/ha in a middle aged secondary 

forest to 322 Mg/ha in montaña, Figure 19) are much larger than the 76 Mg/ha of soil 

carbon predicted by Jaramillo et al. (2003) for soils to 60 cm. Even scaled to 100 cm, 

soils stocks in southwestern Mexico are less than half those observed in southeastern 

Mexico. Values from this study are more similar to values from a dry tropical forest in 

Venezuela (800 mm, 233 Mg/ha, Delaney et al. 1997). In contrast with several previous 

studies, stocks of soil organic carbon in the SYPR differed significantly between montaña 
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and middle/old secondary forest. Working in wet tropical forests of Peru, Alegre and 

Cassel (1986) reported no significant change in soil carbon to 15 cm following slash and 

burn. Similarly, in a wet tropical forest of Mexico, Hughes et al. (2000) found no 

significant difference in soil carbon to 1 m following cultivation. When an area is quickly 

vegetated following logging disturbance, Cooper (1982) found very slight loss of soil 

organic carbon. As in this study, Hughes et al. (2000) found no significant effect of 

cultivation on soil organic carbon. This suggests that lower soil carbon stocks in fallows 

are due to reduced organic matter inputs (Powers 2004) or increased decomposition rates 

in younger forests rather than the effect of cultivation.  

 In the dry tropical forests of the southern Yucatán, soil carbon represents 92% of 

total ecosystem carbon to 1 m in a young secondary forest versus 78% in a montaña 

(Figure 20). There were no studies on the effect of slash and burn agriculture on the 

distribution of carbon in an ecosystem with which to compare these values. In Venezuela, 

Delaney et al. (1997) found the soil component comprised 68% of the total ecosystem 

carbon in the drier of two mature dry tropical forests. In the wetter forest (1500 mm vs. 

800 mm/yr), soil only accounted for 41% of the total ecosystem carbon. The gradients 

sampled in this study, from 890-1400 mm/yr, did not lessen the contribution of soil 

carbon. These data are large compared to the value of over 50% by Hughes et al. (2000) 

in a mature tropical wet forest of Mexico. Because soil bulk density should increase with 

depth, where as bulk density was assumed a constant with depth, this study probably 

underestimated soil carbon stocks. If so, soils would constitute an even larger proportion 

of total ecosystem carbon. 

 



 

 

58 
3.4.2 Estimating the amount of carbon in a shifting agricultural ecosystem 

 Large soil carbon stocks dominated the prediction of ecosystem carbon stocks and 

soil carbon stocks did not vary by region, despite difference in rainfall. The non-soil 

carbon component increased with forest age, both as a stock (Figure 23) and as a 

percentage of total carbon (Figure 24).  Variation in non-soil carbon stocks, due to the 

influence of regional precipitation or number of swidden cycles, was overshadowed by 

the influence of soil organic carbon on total carbon estimates (Table 7). The total system 

carbon stocks, calculated for mature forest in each area (Table 8), are closer than might 

be predicted based on the precipitation gradient but are within estimates for other forests 

in Mexico. 

 This study diverges from others’ in that total ecosystem carbon stocks are not 

driven mainly by losses in aboveground biomass (Kauffman et al. 1995, Trumbore et al. 

1995, and Hughes et al. 2000). This is likely due to the fact that soil carbon represents a 

larger proportion of the total ecosystem carbon stocks. Although carbon stocks are 

thought to recover quickly following one cycle of disturbance (Lugo et al. 1986), several 

cycles of shifting cultivation may hinder/alter the recovery of biomass (Lawrence in 

press), and therefore carbon stocks.  



 

 

59 
Figure 23.  Mean estimated non-soil carbon stocks as a function of age by region.  
Bars represent arithmetic means. Values for coarse and fine woody debris for all sites are 
those calculated using ER data.  
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Figure 24.  Non-soil carbon stocks as a percentage of the total carbon stock.  
Bars represent percentages calculated from arithmetic means. Values for coarse and fine 
woody debris for all sites are those calculated using ER data.  
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Table 7.  Estimated carbon stock (Mg/ha) by forest component. 

Forest 
carbon Age class Young (1-5 years) Middle (6-11 years) Old (12-25 years) Montaña 

(Mg/ha) Region Estimate + - Estimate + - Estimate + - Estimate + - 

ER 8.05 4.82 3.69 11.82 6.77 5.24 22.26 9.00 7.48 57.38 4.19 4.19 
NB 22.12 10.61 8.54 13.23 9.34 6.86 30.31 7.79 6.90 68.14 4.19 4.19 LABA1  

AN 14.54 8.80 6.72 17.61 9.58 7.50 17.78 10.64 8.15 57.26 5.14 5.14 

CWDA2 ER/SYPR 5.65 7.51 4.38 5.31 4.55 3.15 5.40 4.69 3.24 14.75 3.04 3.04 

FWDB ER/SYPR 2.99 0.94 0.94 1.43 0.57 0.57 1.25 0.66 0.66 2.79 0.66 0.66 

ER 1.38 0.38 0.38 2.51 0.44 0.44 1.97 0.44 0.44 2.51 0.44 0.44 
NB 1.90 0.44 0.44 3.29 0.76 0.76 2.98 0.34 0.34 3.61 0.44 0.44 FFLB 

AN 2.66 0.44 0.44 2.96 0.44 0.44 2.89 0.54 0.54 4.10 0.54 0.54 

SoilB SYPR 271.97 17.18 17.18 225.19 19.49 19.49 250.34 17.18 17.18 321.98 18.23 18.23 

ER 1.64 0.38 0.38 3.04 0.43 0.43 5.32 0.43 0.43 13.14 0.43 0.43 
NB 3.57 1.11 1.11 2.35 1.36 1.36 7.18 0.86 0.86 15.60 1.11 1.11 RootsB3 

AN 2.26 0.92 0.92 3.11 0.92 0.92 3.45 1.12 1.12 13.11 1.12 1.12 

*Estimates are based on estimated marginal mean plus or minus the confidence limitA or standard errorB. 
1Estimates of live aboveground biomass assume 1.21 cultivation cycles in secondary forest. Montaña estimates are arithmetic means. 
2Estimates of coarse woody debris assume 1.31 cultivation cycles in secondary forest. Montaña estimates are arithmetic means. 
3Roots estimated from live aboveground biomass using regressions developed by Cairns et al. (1997). 

 
 

Table 8.  Total system carbon stocks (Mg/ha) for several forest areas in Mexico. 
 

Location 2-5 YO 6-11 YO 12-25 YO Montaña PPT (mm/yr) Source 
Chamela, Jalisco ----- ----- ----- 141.10 679 1Jaramillo et al. 2003 
El Refugio, Campeche 255.41 223.25 253.65 398.25 890 this study 
Nicolas Bravo, Quintana Roo 304.83 231.90 318.52 383.05 1150 this study 
Arroyo Negro, Campeche 331.33 266.27 265.31 474.35 1400 this study 
Los Tuxtlas, Veracruz ----- ----- ----- 405.40 4700 2Hughes et al. 2000 
1Maximum soil depth was 60 cm. 
2Root carbon stocks were not included in this estimate. 
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3.5 Conclusion  

 Age significantly influenced the size and distribution of all forest carbon stocks in 

this study. Although carbon stocks in live aboveground biomass and forest floor litter 

were significantly affected by the regional precipitation gradient, the gradient did not 

affect soil carbon stocks, the bulk of the ecosystem’s carbon stock. The number of 

swidden cycles, or cultivation cycles, was a significant covariate for carbon stocks in live 

aboveground biomass and coarse woody debris. It may also affect the size of the carbon 

stock in fine woody debris and forest floor litter. Although the number of swidden cycles 

did not significantly influence carbon stocks in these forest components, the only 

significant difference among age classes was between montaña (not cultivated) and 

fallow lands (cultivated at least once). Given the settlement history, sites within the 

SYPR have undergone up to four cultivation cycles. Through influences on non-soil 

carbon stocks, additional cultivation cycles may alter recovery of carbon stocks.  

 Estimates of recovery time for carbon in soil and live aboveground biomass in dry 

tropical forests range from 30-35 years (Lugo et al. 1986, Detwiler 1986) to 55 to 95 

years (Read and Lawrence 2003). Twelve to 25 years following cultivation, soil carbon 

stocks were 78% of those found in montaña. Soil carbon stocks should recover to mature 

forest levels once detrital inputs reach mature forest levels. It is therefore possible to 

recover the original carbon stock of a forest stand over a relatively short period of time. 

Even though young secondary forests sequester carbon in biomass at a faster rate than 

mature forests and soil carbon can recover to mature forest levels (Lugo et al. 1986), as 

long as conversion of forests for agriculture continues, the region will be a net source of 

carbon to the atmosphere (Cairns et al. 2000). 
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4 CONCLUSION   

 Woody debris, an often overlooked carbon pool, represented 88% of the total 

aboveground biomass in milpas and 22% in montañas. Coarse woody debris accounted 

for roughly 75% of total woody debris stocks, with fine woody debris accounting for the 

other 25% of the pool. Stocks of woody debris were initially large in young secondary 

forest following conversion from primary and secondary forest. Stocks decreased in 

young secondary forests until woody debris inputs exceeded decomposition, usually after 

10 to 15 years. The fire at the beginning of the second swidden cycle reduced woody 

debris stocks to levels below those found in milpas coming from montaña. Although not 

the main factor affecting coarse woody debris stocks as predicted, the number of prior 

cultivation cycles did significantly reduce coarse woody debris stocks. Forest age was the 

primary factor affecting the stocks and inputs of woody debris. Decomposition rates were 

largely a product of species specific properties and time since decomposition began.  

 Age was the primary factor affecting all forest carbon stocks in the SYPR. Carbon 

stocks for all forest components, except coarse and fine woody debris, were largest in 

montaña. Live aboveground biomass and forest floor litter carbon stocks were 

significantly reduced in the region with lowest annual precipitation. The prior number of 

swidden cycles significantly affected live aboveground biomass and coarse woody debris 

carbon stocks, and likely affected fine woody debris and forest floor litter carbon stocks. 

 Carbon stocks in young secondary forests are smaller than in montañas (except 

for coarse and fine woody debris) due to the effects of swidden cultivation, decreased 

inputs rates, and increased decomposition rates. Soil carbon represents a majority of 

ecosystem carbon stock with 92% in young secondary forest and 77% in montaña. 
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Because it is possible to recover soil and live aboveground biomass carbon stocks in 

less than 75 years on average (Detwiler 1986, Lugo et al. 1986, Read and Lawrence 

2003), it is possible to recover a vast majority of the carbon stocks found in a mature 

forest in a relatively short period of time. If current land-use patterns continue into the 

future, the forests of the Southern Yucatán Peninsular Region are not likely to recover to 

mature forest, and will continue to be a net source of carbon to the atmosphere (Cairns et 

al. 2000).  
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6 APPENDIX 
 
Appendix A.  Raw data for coarse and fine woody debris stocks. 
  

El Refugio (28 sites) 

Site name Age1 
# of 

swidden 
cycles  

FWD 
(Mg/ha) 

CWD 
(Mg/ha) 

WD 
(Mg/ha) 

Carbon 
in FWD 
(Mg/ha) 

Carbon 
in CWD 
(Mg/ha) 

Carbon 
in WD 

(Mg/ha) 

Juan 0 1 9.53 52.93 62.45 4.46 24.79 29.25 
Raphael 0 1 13.41 81.51 94.92 6.28 38.18 44.46 
Domingo 0 2 20.81 33.45 54.26 9.75 15.67 25.41 
Domingo 0 2 17.11 10.67 27.78 8.02 5.00 13.01 
Raphael2 0 2 8.80 9.90 18.70 4.12 4.64 8.76 
Hermelindo 5 1 1.20 4.33 5.53 0.56 2.03 2.59 
Raphael 5 1 14.98 35.38 50.36 7.02 16.57 23.59 
Juan 5 3 2.96 0.79 3.75 1.39 0.37 1.76 
Alfredo 6 2 2.31 10.89 13.20 1.08 5.10 6.19 
Cornelio 7 2 5.89 7.28 13.16 2.76 3.41 6.17 
Domingo 7 2 4.70 9.37 14.07 2.20 4.39 6.59 
Cornelio 8 1 0.54 2.23 2.77 0.25 1.04 1.30 
Hermelindo 8 1 0.78 6.67 7.45 0.37 3.12 3.49 
Raphael 9 1 0.67 15.89 16.56 0.31 7.44 7.76 
Alfredo 10 3 2.69 2.81 5.49 1.26 1.31 2.57 
Cornelio 11 2 6.82 11.52 18.34 3.19 5.40 8.59 
Alfredo 13 1 3.23 5.45 8.68 1.51 2.55 4.06 
Domingo 13 2 5.04 18.12 23.16 2.36 8.49 10.85 
Raphael 14 1 3.58 21.42 25.01 1.68 10.04 11.71 
Hermelindo 15 1 2.72 14.20 16.92 1.27 6.65 7.92 
Juan 15 1 0.67 5.46 6.13 0.31 2.56 2.87 
Juan2 16 1 0.74 11.35 12.09 0.35 5.31 5.66 
Alfredo Montaña 0 6.10 28.16 34.26 2.86 13.19 16.05 
Cornelio Montaña 0 6.89 51.79 58.68 3.23 24.26 27.48 
Domingo Montaña 0 5.55 21.96 27.51 2.60 10.28 12.88 
Claudio Montaña 0 5.41 24.43 29.84 2.54 11.44 13.98 
Juan Montaña 0 4.77 46.78 51.55 2.23 21.91 24.14 
Raphael Montaña 0 7.05 15.89 22.93 3.30 7.44 10.74 
1Age of successional forest in May 2002.  
2Sites only have one sampling circle. 
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Appendix B.  Raw data for coarse woody debris inputs. 
  

6-Jan-03 3-Jun-03 14-Jan-04 1-Jun-04 Site name Age1 # of swidden 
cycles  (Mg/ha) (Mg/ha) (Mg/ha) (Mg/ha) 

Juan2 0 1 ----- ----- ----- ----- 
Raphael2 0 1 ----- ----- ----- ----- 
Raphael2 0 2 ----- ----- ----- ----- 
Domingo2 0 2 ----- ----- ----- ----- 
Domingo2, 5 0 2 ----- ----- ----- ----- 
Raphael 5 1 0.000 0.000 0.000 0.000 
Hermelindo3 5 1 ----- ----- ----- ----- 
Juan 5 3 0.000 0.000 0.000 0.000 
Alfredo4 6 2 ----- ----- ----- ----- 
Cornelio5 7 2 ----- ----- 0.000 0.000 
Domingo5 7 2 ----- ----- 0.000 0.000 
Hermelindo3 8 1 ----- ----- ----- ----- 
Cornelio5 8 1 ----- ----- 0.000 0.000 
Raphael 9 1 0.000 0.000 0.000 0.000 
Alfredo 10 3 0.000 0.225 0.000 0.047 
Cornelio5 11 2 ----- ----- 0.239 0.000 
Alfredo 13 1 0.204 0.009 0.179  
Domingo5 13 2 ----- ----- 0.406 0.141 
Raphael 14 1 0.000 0.155 0.034 0.000 
Hermelindo 15 1 0.000 0.000 0.500 0.000 
Juan 15 1 0.000 0.000 0.000 0.000 
Juan 16 1 0.000 0.023 0.000 0.000 
Juan Montaña 0 0.199 1.526 0.000 1.664 
Raphael Montaña 0 0.000 0.000 0.026 1.894 
Alfredo4 Montaña 0 ----- ----- ----- ----- 
Claudio Montaña 0 0.053 0.338 0.087 0.000 
Cornelio5 Montaña 0 ----- ----- 0.485 0.000 
Domingo5 Montaña 0 ----- ----- 0.000 ----- 
1Age of successional forest in May 2002.  
2Sites of age 0 were not inventoried for CWD inputs. 
3Site were cut for an orchard. 
4Sites were cleared for new road. 
5Site were not inventoried for input until January 2004. 
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Appendix C.  Raw data for fine woody debris inputs. 

 
6-Jan-03 3-Jun-03 14-Jan-04 1-Jun-04 Site name Age1 # of swidden 

cycles  (Mg/ha) (Mg/ha) (Mg/ha) (Mg/ha) 
FWD 1 10 3 0.581 0.179 0.290 0.089 
FWD 2 10 3 0.443 0.280 0.683 0.076 
FWD 3 13 3 0.223 0.123 0.271 0.046 
FWD 4 6 2 0.086 0.177 0.158 0.023 
FWD 5 Montaña 0 0.243 0.077 0.147 0.235 
FWD 6 Montaña 0 0.524 0.348 1.302 0.373 

1Age of successional forest in May 2002.  
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Appendix D.  Raw data for decomposition study. 

2-Aug-02 3-Jan-03 29-May-03 17-Jan-04 Species Diameter 
(kg) (kg) (kg) (kg) 

Bursera simaruba Large 4.483 3.043 2.870 2.105 
Bursera simaruba Large 5.502 3.954 3.451 ----- 
Bursera simaruba Large 8.516 3.355 3.144 2.470 
Bursera simaruba Large 4.173 2.809 2.870 2.429 
Bursera simaruba Large 6.719 5.670 4.100 1.943 
Bursera simaruba Large 5.375 3.902 3.759 1.943 
Lonchocarpus castilloi Large -----1 12.045 12.828 10.737 
Lonchocarpus castilloi Large -----1 -----1 14.588 -----2 
Lonchocarpus castilloi Large 6.672 5.887 6.540 4.902 
Lonchocarpus castilloi Large -----1 8.053 8.720 6.691 
Lonchocarpus castilloi Large 3.775 3.451 3.857 2.529 
Lonchocarpus castilloi Large 7.632 6.767 7.210 5.952 
Lysiloma bahamensis Large -----1 7.588 8.137 6.020 
Lysiloma bahamensis Large -----1 7.792 7.730 -----2 
Lysiloma bahamensis Large 7.985 7.588 7.445 6.924 
Lysiloma bahamensis Large 5.697 5.624 5.452 4.879 
Lysiloma bahamensis Large 7.402 7.046 6.835 5.902 
Lysiloma bahamensis Large 7.321 6.979 6.916 5.902 
Piscidia communis Large 6.668 4.973 6.689 5.390 
Piscidia communis Large -----1 6.288 5.258 -----2 
Piscidia communis Large 7.961 6.859 7.114 7.160 
Piscidia communis Large -----1 8.517 9.048 6.999 
Piscidia communis Large 7.305 6.516 6.805 5.471 
Piscidia communis Large 7.267 5.659 6.457 6.114 
Bursera simaruba Small 0.473 0.416 0.270 0.145 
Bursera simaruba Small 0.387 0.361 0.245 -----2 
Bursera simaruba Small 0.895 0.722 0.490 0.352 
Bursera simaruba Small 0.469 0.500 0.294 0.161 
Bursera simaruba Small 0.481 0.472 0.245 0.083 
Bursera simaruba Small 0.438 0.416 0.221 0.103 
Lonchocarpus castilloi Small 1.295 1.489 1.385 0.723 
Lonchocarpus castilloi Small 1.467 1.329 1.154 -----2 
Lonchocarpus castilloi Small 1.644 1.595 1.501 1.044 
Lonchocarpus castilloi Small 1.471 1.400 1.231 0.763 
Lonchocarpus castilloi Small 1.394 1.418 1.231 0.883 
Lonchocarpus castilloi Small 1.307 1.294 1.231 0.723 
Lysiloma bahamensis Small 0.876 0.871 0.863 0.536 
Lysiloma bahamensis Small 0.526 0.625 0.525 -----2 
Lysiloma bahamensis Small 0.881 0.937 0.863 0.454 
Lysiloma bahamensis Small 0.881 0.855 0.788 0.412 
Lysiloma bahamensis Small 1.284 1.249 1.238 0.825 
Lysiloma bahamensis Small 0.841 0.871 0.788 0.536 
Piscidia communis Small 1.583 1.215 1.355 1.012 
Piscidia communis Small 1.495 1.185 1.314 -----2 
Piscidia communis Small 1.402 1.156 1.027 0.506 
Piscidia communis Small 1.095 0.948 0.986 0.506 
Piscidia communis Small 1.052 1.022 1.150 0.856 
Piscidia communis Small 1.228 0.889 1.027 0.701 
1Masses were greater than largest scale. 
2Cross sections were harvested for nutrient analysis and wet-dry mass conversions. 

 


