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Resumen 

El bosque tropical perennifolio (BTP) alberga una alta densidad de especies arbóreas, las 

cuales suministran potencialmente una gran cantidad de servicios ecosistémicos (SE). Sin 

embargo, un tema de investigación poco abordado hasta ahora es cómo la variación de los 

atributos de los suelos y las geoformas afectan a la estructura y composición arbórea del BTP 

y con ello, su capacidad de suministrar SE a escala del paisaje. Particularmente en 

ecosistemas heterogéneos como el BTP, estos factores no pueden ser ignorados bajo la 

perspectiva del manejo sustentable. En esta tesis, describo la variación espacial de los 

atributos de los suelos y las geoformas del paisaje de un BTP. Posteriormente, analizo la 

estructura y composición de la comunidad arbórea para evaluar los SE de provisión de 

productos forestales maderables y no maderables, así como la captura de carbono, a través 

de la medición de los principales almacenes. El estudio se realizó en la Reserva de la Biosfera 

de Montes Azules (RBMA), en al área circundante a la Estación Chajul. En el Capítulo I, se 

delinearon unidades de paisaje siguiendo el enfoque geopedológico, las cuales, son unidades 

espaciales discretas que integran atributos de la geología, el suelo y el relieve. Dentro de estas 

unidades, se analizó la variación de la comunidad arbórea como respuesta a la calidad de 

sitio. Posteriormente, se evaluó la disponibilidad de productos forestales maderables y no 

maderables (Capítulo II) y los principales almacenes de carbono (Capítulo III) en el área de 

estudio. Los resultados muestran que las unidades del paisaje presentan calidades de sitio 

contrastantes y también potenciales distintos para la provisión de los servicios ecosistémicos. 

A partir de análisis multivariados se identificaron gradientes de calidad de sitio asociados 

con la profundidad del suelo, y su efecto en la capacidad de retención de agua y el aporte de 

nutrimentos, cambios en pH y el porcentaje de saturación de aluminio, que influyen 

significativamente sobre la variación espacial de la abundancia, diversidad y productividad 

de especies arbóreas con potencial maderable y no maderable, así como la variación espacial 

de los principales almacenes de carbono. Finalmente, discuto la forma en la que la calidad de 

sitio influye, a través de su efecto en la comunidad arbórea, en la prestación de los SE y, por 

otra parte, la pertinencia del enfoque geopedológico para la evaluación y manejo integral de 

los SE en la porción estudiada de la Selva Lacandona. 
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Abstract 

The tropical rainforest (TRF) support a high density of tree species, which potentially supply 

a large number of ecosystem services (ES). However, little is known about how the spatial 

variation of soils and landforms affects the attributes of tree communities and the capacity of 

this kind of forest to supply ES at the landscape scale. Particularly in heterogeneous 

ecosystems such as TRF, these factors cannot be ignored in ecosystem management. In this 

thesis, I first describe the variability of abiotic landscape attributes, namely soils and 

landforms, then I analyze the structure and composition of the tree community in each 

geopedological land unit. Finally, I evaluate the ES provision of timber and non-timber forest 

products, as well as carbon storage in the Reserva de La Biosfera de Montes Azules, Southern 

Mexico. In chapter one, landscape units were delineated based on the geopedological 

approach. These land units are discrete portions of terrain that integrate lithological, soil and 

landform attributes, and allow to characterize the site quality indicators to which the 

structural parameters of the arboreal community respond at the landscape scale. In chapters 

II and III I evaluate the availability of timber and non-timber forest products and the main 

carbon stocks in the study area. The results show that landscape units have contrasting site 

quality and present different potentials for provision of ES. Multivariate analyzes allowed to 

identify soil rooting depth, soil nutrient stocks and available water storage capacity, pH and 

aluminum saturation in the ion exchange complex of soils as variables that significantly 

influence the potentials to provide the selected ES. Finally, I discuss, on the one hand, the 

way in which site quality contributes to shape the provision of ES and on the other hand, the 

usefulness of the geopedological approach for the evaluation of ES and for the management 

of the studied portion of the Lacandon forest. 
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Introducción general  

 

 

 

 

 

 

 

Reserva de la biósfera de Montes Azules y río Lacantún desde El Arca de Noé, Chajul, Marqués de Comillas, 

Chiapas.  
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Introducción 

Los servicios ecosistémicos (SE) son todos aquellos componentes de los ecosistemas que se 

consumen directamente, que se disfrutan, o que contribuyen a través de interacciones entre 

ellos, a generar condiciones adecuadas para el bienestar humano (Quijas et al., 2010). De 

acuerdo con la Evaluación de los Ecosistemas del Milenio (MEA por sus siglas en inglés) 

(2005), se dividen en servicios ecosistémicos de regulación, de provisión, culturales y de 

soporte (Fig. 1). Tanto la producción como el mantenimiento de los SE están ligados 

directamente a funciones específicas que se realizan en cada ecosistema (de Groot et al., 

2010). 

 

 

Figura 1. Ejemplos de servicios ecosistémicos descritos por el Millenium Ecosystem 

Assessment (MEA, 2005). 

 



5 

 

Las funciones de los ecosistemas pueden ser concebidas como un subconjunto de 

procesos ecológicos, los cuales son derivados de la interacción entre los componentes 

bióticos (p ej. fauna y vegetación) y abióticos (p. ej. luz, precipitación, agua y nutrientes del 

suelo, etc.) de cada ecosistema (de Groot et al., 2002) (Figura 2). Si bien, la distinción entre 

función, servicio y beneficio se encuentra bajo debate (de Groot et al., 2010), esta separación 

permite relacionar los SE con los factores que determinan su variación a diferentes escalas. 

 

 

Figura 2. Ejemplo de componentes y procesos que intervienen en la cascada de generación 

de los servicios ecosistémicos (SE). Adaptado de: de Groot et al. (2002) y Spangenberg et 

al. (2014). *PPN=producción primaria neta. 

 

A partir de la definición de Quijas et al. (2010) sobre los SE, se deriva que 

componentes particulares del ecosistema pueden generar, simultáneamente, dos o más SE. 

Por ejemplo, un ecosistema, a través de sus componentes abióticos (agua, nutrimentos, etc.) 

suministra el SE de soporte para el establecimiento de la vegetación (e. g., comunidad 

arbórea), a su vez los árboles contribuyen a regular el clima a través de la fijación de CO2 y 

el aumento del almacén de carbono terrestre, pero al mismo tiempo, por medio de sus 

estructuras reproductivas y vegetativas pueden proveer frutos, fibras, componentes activos 

para medicinas, etc. (Fig. 1). En este ejemplo, por lo tanto, el mantenimiento de la comunidad 

arbórea en un área específica, puede ser considerado como un SE que contribuye a la 
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generación/suministro de otros (Cardinale et al., 2012; Hooper et al., 2012; Mace et al., 

2012). 

De acuerdo Burkhard et al. (2012), el suministro de los SE se refiere a la capacidad 

de un área particular para proveer un paquete específico de bienes y servicios. Al respecto se 

ha demostrado que la diversidad vegetal, ya sea a nivel comunitario o de rasgos funcionales, 

se encuentra positivamente relacionada a la generación de múltiples SE (Balvanera et al., 

2006; Cardinale et al., 2012, 2011; Hooper et al., 2012; Poorter et al., 2015; Quijas et al., 

2012, 2010). Sin embargo, esta relación no es lineal ni homogénea a lo largo del paisaje, 

(Fisher et al., 2009); cada servicio a esta escala depende de un conjunto de características, 

las cuales pueden cambiar a lo largo del tiempo y el espacio, y que en última instancia, 

influencian la variación del nivel/intensidad de suministro de los SE (Mace et al., 2012; 

Willemen et al., 2012) (Fig. 3). Al respecto, Tylianakis et al. (2008) proponen que el efecto 

de los componentes bióticos sobre las funciones de los ecosistemas podría tener su mayor 

impacto en ambientes heterogéneos. Esta propuesta es particularmente relevante en 

ecosistemas heterogéneos y megadiversos como los bosques tropicales, los cuales albergan 

al menos dos terceras partes de la biodiversidad terrestre (Gardner et al., 2009) y proveen 

múltiples SE (Costanza et al., 2014, 1997; Fearnside, 2000; Laurance et al., 2014). 

La evaluación de la variación espacial de los SE a escala del paisaje requiere 

conocimiento sobre de la variación de los componentes (bióticos y abióticos) que los generan, 

sin embargo, estas relaciones son poco conocidas incluso en ecosistemas simples (Balvanera, 

2012; Mace et al., 2012) y dificulta su evaluación precisa. Kremen (2005), propone un 

enfoque para la evaluación de los SE que permite integrar de forma explícita la interacción 

de los componentes, por medio de: 1) la identificación de los “Proveedores de los SE”, 2) la 

identificación de los aspectos de la estructura de la comunidad que afectan las funciones de 

los componentes en paisajes “reales”, y 3) la evaluación de los factores que determinan la 

provisión de los SE seleccionados. En términos espaciales, unidades del paisaje que aniden 

características de los proveedores de los SE (es decir, la variación de los componentes 

bióticos y abióticos), pueden derivar en unidades proveedoras de servicios (Kremen, 2005; 

Luck et al., 2003; Syrbe y Walz, 2012). Bajo la propuesta de Kremen (2005), el estudio de la 

estructura y composición de la comunidad arbórea a lo largo del paisaje, así como de los 

factores biofísicos que afectan  tal variación, puede constituir el primer paso para el 
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entendimiento de la dinámica forestal (Bär et al., 2006), y generar información sobre la 

variación de los SE en el bosque tropical a escala del paisaje, así como de los factores 

biofísicos que los determinan. 

A nivel global, existen múltiples opciones para la evaluación y mapeo de los SE, por 

ejemplo, los modelos InVEST (Integrated valuation of ecosystem services and tradeoffs), 

ARIES (Artificial Intelligence for Ecosystem Services) o, MIMES (Multiscale Integrated 

Model of the Earth Systems’ Ecological Service). Estos modelos trabajan principalmente a 

nivel de cuenca hidrográfica, sin embargo, su modelación enfrenta múltiples problemas 

técnicos que limitan/condicionan su confiabilidad. Varios de ellos, están asociados con la 

disponibilidad de datos empleados para la modelación, o en caso de contar con éstos, no están 

disponibles a la resolución necesaria (Hauck et al., 2013; Nelson et al., 2009; Seppelt et al., 

2011). De esta forma, las cuencas hidrográficas son buenas unidades de manejo ya que tienen 

límites bien definidos (parteaguas) que a su vez, permiten anidar componentes bióticos, 

abióticos y aspectos sociales (Maass y Cotler, 2007). No obstante, al interior de las mismas 

existe gran variación espacial de los componentes bióticos y abióticos, la cual debe ser 

identificada para la evaluación precisa de los SE. 

Identificar la relación entre los componentes bióticos y abióticos del ecosistema y 

cómo su variación espacial determina los SE en el bosque tropical requiere la comparación 

de conjuntos de datos de distribución de especies arbóreas con sus correspondientes datos 

sobre los factores ambientales, por ejemplo clima, relieve y suelo (Baldeck et al., 2012; 

Brown et al., 2013; Hardy y Sonké, 2004). Un enfoque conceptual que permite abordar esta 

relación, es la evaluación de la calidad de sitio, la cual integra factores ambientales relevantes 

(suelo-relieve-clima) que afectan las comunidades bióticas de un ecosistema (Wang y Klinka, 

1996). Este enfoque, por lo tanto, permite identificar los atributos del paisaje que determinan 

la variación espacial de la diversidad arbórea y la variación resultante de los SE (Fig. 3). 
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Figura 3. Integración de la heterogeneidad ambiental a la cascada de generación de servicios 

de los ecosistemas (SE). La variación a escala del paisaje de los componentes del ecosistema 

(Condiciones A, B y C) puede generar variación en las funciones y, en consecuencia, en el 

tipo e intensidad de los SE resultantes. Adaptado de Harrison et al. (2014) y Hooper et al. 

(2005). 

 

Si bien se han abordado algunos aspectos biofísicos que influyen sobre la generación 

y mantenimiento de los SE [p. ej. la sección especial de Forest Ecology y Management, 

258(9): 1825-1895, (2009)], gran parte de la literatura disponible se ha centrado en el papel 

de la biodiversidad (riqueza y/o composición de especies, rasgos funcionales, etc.) sobre los 

SE. Aunque la dimensión biofísica es sólo uno de los componentes necesarios para el 

entendimiento de la variación de la comunidad arbórea y de los SE (Guariguata y Balvanera, 

2009) a escala del paisaje, este conocimiento es fundamental y pocas veces abordado para el 

manejo del ecosistema orientado a los SE. Debido a que el bosque tropical es un ecosistema 
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heterogéneo desde la perspectiva de sus componentes bióticos y abióticos y altamente 

biodiverso, hipótesis de este trabajo fueron 1) este ecosistema presentará modificaciones en 

el tipo y la intensidad de SE suministrados a escala del paisaje (Figura 2). De igual forma, 

debido a que existe una estrecha relación entre los componentes previamente mencionados 

como generadores de SE, se espera que, 2) al cuantificar la variación de estos componentes, 

se puedan identificar los conductores de la variación de los SE a escala del paisaje. 

A pesar de contar con una limitada comprensión de los componentes y procesos que 

soportan los SE y su variación a escala del paisaje, estas relaciones no pueden ser ignoradas 

en el manejo de los ecosistemas, ya que tanto los componentes como los SE resultantes, son 

vulnerables a modificaciones por el manejo (Mace et al., 2012). Un problema, 

particularmente difícil de abordar, es la confiabilidad de los datos de la base biofísica (suelo, 

relieve, geología), que permitan responder preguntas como: ¿Cómo es que los componentes 

de los ecosistemas se traducen en los SE? (Seppelt et al., 2011), o establecer límites (más allá 

de las cuencas) para el manejo del ecosistema orientado a la oferta real (tipo y magnitud) de 

los SE a escala del paisaje. Un enfoque metodológico que permite abordar ambos aspectos, 

es la delimitación de unidades del paisaje (Zonneveld, 1989), ya que permite delimitar 

espacios geográficos relativamente homogéneos en función de la base biofísica 

(componentes bióticos y abióticos) (Bocco et al., 2010) y, por lo tanto, en función de la 

perspectiva de Kremen (2005), anidar condiciones relativamente homogéneas de los 

proveedores de los SE. 

Un método eficiente y ampliamente desarrollado para la delimitación de las unidades 

mencionadas, es la integración de geomorfología y edafología, ya que integra elementos 

geomorfológicos (como la geometría y morfogénesis del relieve) que permiten delinear el 

contorno (limites) de las unidades del paisaje sobre el territorio y, a su vez, el efecto de los 

elementos geomorfológicos sobre la variación espacial de las propiedades de los suelos 

(Zinck et al., 2016; Zinck, 2012). Un enfoque particularmente robusto para la integración 

geomorfo-edafológica, es el levantamiento geopedológico, ya que combina procedimientos 

convencionales de campo con las ventajas de la teledetección para la captura de datos y de 

los sistemas de información geográfica para su procesamiento (Zinck, 2012). Una vez 

capturados los componentes a escala del paisaje, un aspecto fundamental es la evaluación de 

indicadores que describan qué componentes del ecosistema generan los SE y su intensidad. 
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Por ejemplo, la biomasa total puede actuar como indicador del SE de regulación (captura de 

CO2), al igual que para la generación del SE de provisión (i.e. potencial de producción de 

madera, leña o materiales de construcción) (de Groot et al., 2010).  

De esta forma, el objetivo general de esta tesis fue evaluar los cambios de los 

componentes abióticos (agua y nutrimentos del suelo, relieve, geología, geomorfología) a 

partir del levantamiento geopedológico y, en combinación de la evaluación de calidad de 

sitio, determinar cómo es que estos componentes afectan la variación de la comunidad 

arbórea en un bosque tropical perennifolio ambientalmente heterogéneo. Finalmente, se 

utiliza esta información para evaluar cómo la variación de los componentes del ecosistema 

influye sobre la intensidad a la que se suministran los SE a escala de paisaje en el bosque 

tropical perennifolio. 

Burkhard et al., (2012) enfatizan que el suministro de los SE está directamente 

relacionado con los bienes y servicios activamente consumidos, ya que estrictamente, los SE 

sólo se pueden considerar como tales en función de su contribución directa al bienestar 

humano (Fisher et al., 2009). Por lo tanto, existen diferencias entre el suministro potencial 

de los SE y el realizado de los mismos (Verhagen et al., 2015). No obstante, con la finalidad 

de identificar cómo es que la variación de los componentes influye sobre el suministro de los 

SE, en esta tesis, se abordó el suministro de los SE desde la perspectiva de Martínez-Harms 

y Balvanera (2012), al considerar el potencial de los componentes del bosque tropical para 

suministrar SE, independientemente de si los componentes son realmente usados o valorados. 

Bajo este contexto, se plantearon las investigaciones incluidas en esta tesis. El trabajo se 

realizó en un bosque maduro de la parte sur de la Reserva de la Biosfera de Montes Azules 

(RBMA), en área circundante a la Estación Chajul dentro de la región de la selva Lacandona, 

en el sureste de México (Figura 4). El área está cubierta por un mosaico de tipos de vegetación 

clasificada principalmente como selva alta perennifolia (Miranda y Hernández, 1963) o 

bosque tropical perennifolio (BTP) (Rzedowski, 1978) cuya estructura responde a 

variaciones de suelo (Siebe et al., 1995; Ibarra-Manríquez y Martínez-Ramos 2002). Debido 

a que este mosaico se encuentra bajo el mismo clima, es posible evaluar el efecto del relieve, 

la geología y los suelos sobre la estructura y composición de la comunidad arbórea, y a su 

vez, analizar cómo estos componentes bióticos y abióticos influyen sobre la provisión de los 

SE en el área de estudio. 
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En el capítulo I se presenta el análisis de la distribución espacial de los componentes 

biofísicos del área de estudio. El objetivo de este capítulo fue delinear unidades 

geopedológicas que permitieran identificar unidades con calidad de sitio contrastante a las 

cuales se pudieran asociar los cambios en la comunidad arbórea y, posteriormente los SE que 

ésta aporta. Los SE seleccionados en el presente trabajo fueron la provisión de productos 

forestales maderables y no maderables, así mismo se analizó la contribución del área al SE 

de regulación de la concentración de dióxido de carbono en la atmósfera, evaluado a partir 

de la estimación de los almacenes de carbono de este bosque tropical. Estos servicios fueron 

abordados en los capítulos II y III respectivamente. 

 

 

Figura 4. Área circundante a la estación Chajul. A) Modelo digital a escala 1:50,000 que 

muestra la variación del terreno en el área de estudio. B) Ortofoto de INEGI en la cual se 

observa la Reserva de Montes Azules al noroeste del río Lacantún. 

 

La alta biodiversidad del BTP representa una baja densidad de congéneres, dentro de 

la cual, el SE de provisión de productos forestales potenciales se encuentran en cantidad y 

calidad variable (Belcher y Schreckenberg, 2007; Boot, 1997). En el Capítulo II, se aborda 

la variación del SE de provisión en el área de estudio, tomando como variables de respuesta 

asociadas a este servicio a la variación del tipo y la abundancia de los productos forestales 

potenciales, para lo cual se seleccionaron unidades geopedológicas de calidad de sitio 

contrastante. En cada una se estimó la abundancia, la frecuencia y la composición de 

ensambles de árboles que presentaran productos forestales potenciales. Así mismo, usando 
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un análisis multivariado, se evaluó el efecto de los atributos de calidad de sitio sobre la 

capacidad de rendir productos forestales. 

Otro aspecto del BTP relacionado a los SE, es que desempeña un papel clave en la 

regulación climática global debido a que almacena aproximadamente el 40% del carbono 

terrestre (≈ 43 billones de toneladas de carbono al año) y contribuye con más de la mitad de 

la productividad primaria (Beer et al., 2010). Sin embargo, las estimaciones del almacén de 

carbono para los ecosistemas terrestres a menudo se enfrentan a una alta heterogeneidad 

biótica y abiótica que impide la cuantificación precisa de los mismos (Gibbs et al., 2007). 

Por lo tanto, en el tercer capítulo del presente trabajo se aborda la variación del SE de captura 

de carbono en las unidades de terreno con calidad de sitio contrastante, tomando a los 

principales almacenes de carbono del BTP (biomasa aérea y subterránea, mantillo y suelo) 

como variables de respuesta asociadas a este servicio. El enfoque geopedológico se consideró 

adecuado para diferenciar el potencial para almacenar carbono en los diferentes componentes 

de cada unidad del terreno, y después para integrar la información en la totalidad del área de 

estudio considerando la superficie que abarca cada unidad de terreno del área de estudio. 

 

En función de lo anteriormente expuesto y para mantener una estructura coherente de 

la presente tesis, el artículo de requisito corresponde con el Capítulo II.  
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Capítulo I 

 

Caracterización geopedológica y calidad de sitio de una selva 

tropical. 

 

Navarrete-Segueda, A., Vázquez-Selem, L., Siebe, C., 2015. Caracterización geopedológica 

y calidad de sitio de una selva tropical, En: Carabias, J., de la Maza, J., Cadena, R. (Eds.), 

Conservación y desarrollo sustentable en La Selva Lacandona. 25 años de actividades y 

experiencias. Natura y Ecosistemas Mexicanos, México, pp. 87–96. 

 

 

Perspectiva de la Reserva de la Biósfera de Montes Azules desde el río Lacantún.  
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2.2 CARACTERIZACiÓN GEOPEDOLÓGICA 
y CALIDAD DE SITIO DE UNA SELVA TROPICAL 

Armando Navanete-Segueda, ' Lorenzo Vázquez-Selem,2 Chrislina O. Siebe·Grabachl 

22 1 El AMB,!.!! ~o 
IN LA WlCIJlNCA OH lAcmTlJN 

La het~ roger¡edad de las coodlClOIleI blOflSiGlS ~n 
las qu~ se ~rollan las selv~s tropICales coot"bu' 
)"'n a IIJ alta biod i"""idad y a 'u capacidad de ofre· 
cer seOVOCIOS fundament~les pa ra el boenesw de las 
soc,edades (Balvanera et al 2012) S,n embargo, 
<'Stas selvas soo constantl'fTlent~ modlfocadas (G ibbs 
er al. 10 I O; Sa oar¡era 201 1) ~n que eXIsta la com­
prensión necesar ia pa'a prede<:If los ca mbios resul. 
tantes de su marleJO (Gua"ata y Sa lvarlera 2009). y 
~n que se eva l:.en las imp llcaclOllel del cambIO de 
uso de wtlo sobre 1& capac idad de rtndlf servICIOS 
<!COIIltém icos 

$, bien los marcos para el manejO en estas selvas 
conllnúan en desa rro llo, uno de los aspectos im· 
portantl'S a coos,dera r l'S su aplICab ilidad en reg iO­
nes coo (>SCtffiarios tlIOflsicos y soc,a~ contrastan· 
tes (Martlrlez·Ramos el al. 20 \ 2), La ,nformaclÓn 
edáf"a e,istenle en Mé,,,o para la, área, con co· 
t)ertura de se"" wto ,dent,fiu el suelo domi nante 
en una reglÓll por mot,vos de e!o(ala (1250000), y 
eS lnsuf,c iente para el moMoreo de las ~reas tro· 
p,o:all'S a lo largo del loempo y b.ljo d'slontos usos 
(Cotle< 2003; Guanata y Balvaroera 2009J Por lo tan· 
to, una pe"pe<tiva del pa,saJe ql>e incorpore cono­
C,mtento bIOflse:o robu'to es furid¡¡mental para en· 
tender los ecosistemas t rop<all'S, ta nlO conse",ados 
como mocMlCados (Gardner el al 20(9), 

Un enfoque que permite ,nteg rar la, cond icio· 
ne, biofí'icasl'S el levantamiefilO 9~dol6g i co 
(Allende y Mendoza 2(07). e,te enfoque es pano_ 
cularmente stMdo porque combina los proced,moen· 

tos coooencoonall'S de C¡mpo. coo la, ""maJa, de 
la leledetewon par. la ~blen"on de datos, y los 
SIstema, de informaCIÓn geogr.if ita (srGI para su 
procl'Solmi~nto (Z,nck 2005) 

La SeI\Ia Lacarxlona alterga alrededor de 20% de 
la diver5idad tIdOgica m",icana, en tan 'i6Io O. 16% 
del terrrtorio nac:1CO'IiI1 (Mtdellln 1 ~), Se e-ncuentra 
en un pa isaje muy va"at:te en suelos y geoformas, 
donde las comunidades biOtlCaS res.pooden a los res­
~,VO"i u mblO"; en la " Iidad de ,mo (Siebe et al 
1995; MarUnez·Ramos 1006). este trabajo tIene 
como obJetovo rea l ¡~a r una caracte"zaclÓn geope' 
dológ ica ntCl'Sol"a para 'os ~tudlOl ambtentales y 
ecok!l9l<OS de la re-g1ÓJ1 sor de la Selva t.acarxlona 

22,2 MHODOlOGlA 

EIl'Sludio se rea lizO en el área circundante a la E,· 
taclÓn ChaJul. al su r de la Rese"'a de la Blosfera 
Monl~ A2ull'S (~BMA), asI como en la porción del 
munICIPIO Marq~ de C:¡.m rl las que abarca los eJ" 
dos de Galac,a a Boca de O'laJu l y hasta la frontera 
coo Guatemala, Predorrina ,1 chma c,j lido-húmf' 
do, con una temperatura media anual de 22"( la 
prKlpltaclÓn medIa an ... 1 es de 3 000 mm y se dI" 
t"buye a lo larOO de l a/'() a razOn de 60 mm por 
mes durante la ~poca seca (febrero-abr rl ) y más de 
300 mm por mes entre JunIO y octub re (Stebe er al 

, P"'IIIodo.., ,.....,.. ~ _doGoolog<o..­
, ro"OUto <lo Goo\lf"~ ........ 
'ro",utO do GooIcogoI ........ 

"'0''' ' '''10 I 
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1995; N 2(00) ~ta áre ... deselva alta ~ 
rufoloa. selva medo,) ...... subperennlfoloa y vegel"'lOn 
l.1bal'lOiOe (S;ebe et al 1995; Martlnez·Ramos et al 
2002). Se reconocen más de 3400 espeae< de plan-­
las vascula res Pi'ra La re<;llón de la S@+IIaLacando­
na (Maninez el al 1994). de las cu.lles 573 son 
árboles. y la dlV~ de especres lIende a ...,.­
mas abundante que en ot ras selv.n húmedas de 
Cefltro y SUram@<ica(hlrra·Maoriq .... zyMartinez· 
Ramos 2002). 

El area de estudIo se localiza en la prOVlnc," 
fOsiog,Mica de Sierra, de Chiapas y Gua temala. 
dentro de la mb<; .... n<;a del rIo liIcantun . la base 
geológICa de la reglOn la constItuye« fOCas calozas 
fo<mada, durante el CretácKo. sobre la, cuales 
des<:anl.1n otr ... rr,x.:r, ~,ment"".n del TerClano 
lemprano. de d.ve<l.19,.nu1omeIria y composrclOn 
(~. conglomerados. lutitas. calcaren it;>,;). lo­
das ellas formadas por la acumulaoón 'lradu.ll de 
~"'"II'ntos en el fondo maflno ESlas fo,macro­
"'" rocOl.1' fueron plegadas y levanta<Ja, por es· 
fuerzos tect6nlCOS. quedando la zona emergIda 
hace unos , 1 mIllones de afros (SGM 1997; P3dJlla 
~nchez 2007) 

la d,námrca de plegamiento. la dl5oIlI(lÓfl de la 
roca caliza y la friKIu'aoón geoIógrca han conl .... 
bu,do al del.1rrollo de cuerpos de roca caliza en 
proceso de karstlfi<;.loOn y un ~tema de interfh.t­
vios y dep re-;rones constItu ido por mater ia les Sf­

dimentarios diversos (Garc ía·Gil y lIJ90 1992) Se 
pueden ,derl\lfK:...- al menos Cu.ltro grandes un.w­
deos de reloeve 1) planICies a l,-,"","les; l)ter razas al .... 
viales; 3) lamerlo-; baJOS. y 4) "'-"ra ~trca 

Para la .,tegr",1On geoe<oI6grca se utilIZÓ el ~tema 
de da5rfic.ac:ión ¡e-ra,quico p<apuesto por Zind (1988) 
y Zind< yValenzuela(1990) . Para ootener umdades 
de mapeo e ,ntegraoOn de la ,nfo<mao6n se realoro 
la delirrutación de unodades a partrr de La 'nterpr~ 
06n YI'ilJolI de r"'9'" externos del ......... (Zinc'< 2012) 
en a) fOlO<J r.11as i>é<Ns a e5U1a t 20000 del ""'0 
del afio 1991. Y b) el modelo dig,tal de elevac:iófI 

procesadoa partir de c"",,,, de nivel a escala 1 :5()OOO 

de la cana de E15D87 deI"¡Gl (1013). 

Para caracterizar y cuant,ficar las propredades de 
los suelos se rea l,zo la reropllaciOo de la ",forma­
ción ed3lrca generada prev.amente por Srebe et;J1 
(1995) Y Celedón 12006); aSIm ismo "-' real izó la 
descripoón y muestreo de perfiles de suelo en las 
un idades domInante-; del Area de esludlo. inc lu· 
yendo rasgos geomorfológlCOS relevantes con base 
en el manual Pi'ra la deso"rpoón y evaluaoOO eco­
lógica desuelosenelcampo. de Siebeetal (2006). 
y ql>e se d.lsIfica ron con base en "' Base Referen· 
cial Mundial ~ Recurso Suelo (II)';S 2006) Se co­
lecwon muestras por horIZonte p.lra el anlrbsis de 
proplt'dades físicas y quimoc.ls en laborato<io 

Se recopiló .,formaoón ~ Y de lascomunrn­
deos ~Ies en las UI""Odades geornorfoIóo)oc. par3 
lo cual se consulto la cartografia lemátoc.J existeflte y 
los estudIOS realizados en el ~rea . Se revrsaron los 
resultados que incluyen ¡nferentemente Mdes de 
d.a.p ~ lOan. efl ru;'O ........ treo sede!.ol>e" "ti<>' 
lIfud3d geomorfológrca. de tal form<l que se pud",,~ 
coteja' con las unidades d8mitadas en este trabajo 

la h,stona geoIógr<;;l de Ch<ljul ,ndrca aconteomoen­
lOS relatrvamenle re<:ienlps que fo<maron un amo 
blente morfO<Jen~tico muno. Durante el Terc,ano 
tero prano y medIO t l.IIIIefOfl k.>:¡ar procesos de pIeg.r 
miento.1evantamrenIO y falamiento de las capas de 
rOC3 (SGM 1997: Pitdilla 'i.'inc:hez 2007) que dieron 
Il.I<jar a un arn/)¡,en te e5/fIXII.KaI formado por un SlS­
lema de monlal'ras aLa,gad.n con o<rentaciófl no­
r""",..sureste. que se I'OC\Jerltran separadas por un 
ambiente depQsK;1OfIaI formado durante el PIeosto­
ceno y el HoIoceno. es decir. en las úPlrrnas decenas 

,.,..". ,"'" I 
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de miles de al'los. feiUltado del azolve de matenal 
.. lulila l ",,,rreildo por los ,los. A:¡om l~mo, la ,nf, ltra­

ción V" flujO ~bterranto Nln Cont"bu ldo al desa· 
rrollo de ""'fp05 en proce-so de k,]rst,foca.ción y un 
~STema 'oco en~. Pfodlxto de la d,soIu­
CIÓf'I de la roca ca liza (Garcla·Gd y L"90 19911, 

El ~rea delimitada cubre un tOla l de 33898 2 h«­
l~,eas_ se el1(lIent ra en un ,me",aio alntud,nal Que 
va de los 140 m en las plani(~s aluviales Msta los 
480 m ffi la Sletra k~rstKa La unidad que a~rca 
una mayor superfOCIe es la de Ic>rr>erio'; b;¡Jos. den­
tro de éstos. los Iome,ios baJOS de lutl ta y ,,'enis<a 
l.OO los que pr_ntan mayo<' cobertura en el ~,ea 
anahzada A conMuac06n se des.cnben las un ida­
des dthm,ladas en eite eitudlO 

.. , 

Planicies y terrazas alllVidles 
Cubren 16% del ~'e;I est<Jd iild.1 Se diViden en las 
un idades de plan..:", aluvial de ,nurldaclÓll y lena­
za~ aluvia"". bt~n forrrndas por depós<tO'i aluvia­
les del rIo Lacanlim en eoI HoIoceoo « O. ! Mi.) Al 
rIOres!e del área de estOOtO $f local, u UM amplia 
$Uperli<;1I' de planICie infl"""ciild.> pI.If ~Il<><;antún 

en la cual ~ ~ aprec,ar tramos (on mar<adas 
sinUO\.i<lades ~ Cirl31, o meandros. algUr>05 de ~105 
ya ab.JrIdonados por ~ río Y q\.M! ahora alojan CUi!f· 
pos de agll<l estrechos y alar<}ildos. Los suelos fOf· 
mados@nesta unidad son profundos y Mfle'Il una 
m")' buena Pl'fWtratllhdad de ra'ces (67·0CI1. estim 
boe-n a modefild.>menl~ dr~. son de pH rn:xle­
rado a ligeramente kido (5 6 a 69); los (Onte<1 idos 
de m.lt@f,a l or¡¡ánicosonaltos(10% * 3,6) dentro 
de los pnrneros 15 cm, Son suelos con un desilrrollo 
modtraoo de estructura, de textura franca a franca 

_lO ""1 
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~rClI(>.IoI'l'lOl<1 Su pow;lwd tot~les me<.l,~-~It~ (47 
a 6(1%), igo;<ol q~ su C3pa<i(lol(! ~ aorta<oón (8 a 
12%) La c~pa<i(I~d de campo es de ml!d'a"" a 
mlJ)' alta (277 a 667 I,tros/m'), al igo;<ol que la capa· 
cidid de rtltl!l'lCOOn ~ agua (' 3S a ns Iotroslm" El 
patlÓn de di,triblKOOn de los ,,,,,los en 5ta umdad 
COffl'S¡)Of1de a una asocl3Ción de suelos de t,po flu· 
viso!, uml)rso! y Iwrso!los ptrl,Jes (les(r itos se (la· 
s,j ,can como camb,soI flUvrco-5t~nrco (humeo, 
h,~réutrI(O); h;visol cutanl(o·est~nI(O (hiJmICo, 
h'Pfréutri<o, limoco); caml)r'iOl fllivKo (húmi<O, ",. 
per'utri<o); cambi'iOl fllivKo (h'perf>utrico, limoco) y 
gleysol En algul"lOS meandros del rIo l.acanlUr se 
put:le<1 tn<OI1lrar ~f>ÓS'IOS fl l)V,a les rtsu ltbdo de 
la dlnamlCa de (fe<idas, a part" de la cua l se ·or· 
m,IO zon~s de deposocoón en los I.>onles interiores 
de 1a5 ... n\Jo05idade5 del r;o (barra5 de punta), en la5 
cua'" el su'trato comunmente pre,enta ¡e. ru ra 
arenosa y care-ce de vegetiKión Dentro del caJ(e 
se logra kitntlfocar tambrén ban<os flUViales de ~,t· 

Geomorfologl' 

na y lomo que tienen un;¡ Ilger~ pendiente Cubren 
1 % ~I área ~ esludio. 

Lomer/o5 bajos 
Cubren 70% del área de@'StudooycOl"Mlendecapas 
de roca sedimentana indinada" alle<n;¡ndo lutrta, 
~rentSCil y c.Jw de la formacrOo Soy¡16 del Pa leor;e. 

1'10 (SS a 67 Ma) SObre tsla forrn.J<lÓ<l, du,ante ~ 
Eoceno 136 a SS Ma ) se deposrtaroo de mirM!la con· 
cordant~ hmoMa y arenis.:a con ,me<ula.c:iones de 
caliza de la forlTlilO6n del Bosque, Deranle el Plioce-
00 medio (51 a 1 6 Mal Y hasta el P""toceno ocu· 
'neron depOsItos ConstItUido< por .are<""a, conglo­
me-rado poI imlcti<o IdepOsIto de pred,~,~ 
de dost,ntos tiPOS) y 11~lta (SGM 199/l. 

LomerÍ05 baiOS de arenisca· 
conglomerado poIimicrICo 
Se localizan aI@'Stedelare.!de@'Studio, tlEflefl un;¡ 
suptrfi<1t de 2990 4 htctlr,rn, en un inttNaIo de 

""""lO " '" I 
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altltLld q\.ie va de los 1 SO a los 200 m. ti relieve con· 
sme oml¡geras eleviIClOIl4!S q\.ie forman un complejO 
de wperlK:OM cu mbrales y laderas con pendOOl11tes 
de entre 2 y 26' lO"; sU!'los de esta unKiad '" lorma· 
ron a partir de arenrscil y conglomerildo poI,mk1CO 

Lomerlos ba¡os de Iimollta·.,efllKa 
Ttenen U"" !>Uper!K:te de 8 068.6 he<:t~reas. con al· 
hludes QlJe van de los ISO a los lOO m d1!!llrO de I,l 
Reserv. de la Blosler. Montes Azu ln y de ISJ a 
200 m en la zona de Marques de Com,lIa$,~' 
tan uroa lopog,.fla con pend 'l'Iltes de e<1tre 2 y 26' 
LO"; sue los, que se formaron <;obre depósitos de 
sedrrnentos oonst 'luldos por llmol,ta y arenllU , Ion 

de mediana profundidad (30 a 40 cm) Tienen un 
pH 1 ge<amenle .kido (6) Y un alto CO/\tl'llido de ma· 
tero¡; org~nica (7% '" 1.7) en :;u hor'lonte Sllp"rf,· 
clal; SIl te, tu ra es frar.co·lrmosa y cuentan con un 

e<;>IilCio poroso tot.1 mediano. ba)J (36 a 46%), 
una capacKiad de .lfeaclÓn mediaN (75 a 85%), 
una capacidad de ca mpo b<l¡a (18 1 I trostm") y U"" 

capacidad de retencIÓn de agua di'iX"' ibko para 1.1, 
plantas ba¡a (67 .1 j, El drenaje es detioeflte y se obset· 
_aro tvider.cias de procesos de O. Kl.l:IÓn· redu<:(1Ón 
a 40 cm de profund,dad So! encuentran manllllos 
topo Mul !. Los suelos de esta unidad corresponden a 
cambi5oles, ~ acueroo con los per!ies dese"tos '" 
dasrhc¡m como ca mbrsol Vl!rt~t.\gn-::o (hrperdls. 
u-::o) y cambrsol eslágn-::o IdlSlfico) 

Lamerlos bajos de lurir .... """Kil 
Son la unidad qlJe l.ene mayor :;uperflCte en el ~(ea 
de estudIO; se prestntan en un inlfflaio de alt itud 
que va de los 1 SO a los 200 m, El rereve consta de 
l>geras elevaclOll4!S que for rTliln un compleJO de su· 
pe¡f-::OM cumbrales y laderas CO/\ perdtente-; de M-

>MIlI,. ''''' 1 
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tre 2 Y 26' en ~ Area do! la IISMA. Y do! 2 a 6' en ~ ¿rea 
do! ~Aarqu6 do! Com illas. Los suelos do! elta untdad 
se p.Jeden 'iUbdividir en Wt'Ios forrTloldos a partir do! 
I U!lt~ y sl.lelol forrrli>dos a partir do! .renllU. Los pn. 
rl"ItI":lI P<tWltan profundidad fiSIOlógICa media (60 
a 66cm): tlt'Ilt'n un pH fuertemente kKlo (4 2) a 
moderadamente kldo (S.3) y altos conten idos do! 
matena org¡lnlCa (1 0,3% " 6) clenuo do! loo; prlmtl"OS 
20 cm. Son sl.lelol tIien eltnxtu rildo< en 'iUpt.'rli:;Ie: 
SU te.tura va do! ,¡ro!klsa a arclllo-arenosa y ~ espa. 
(10 poroso total es alto (> SO'lll). pe<O a profundtdad 
~ el¡)a(1O poroso e1 mediano a baJO y su e1tructu ra 
¡.uet. '>el' rnasrva. lo que determina un drenaje defi­
ciente La capacidad do! aireación del suelo e1 baa a 
mediana 14 a 11 %); la capacidad de campo va do! 
mU)' ba¡a a alta (123 a SO 1) Y la capacidad de relefl­
<IOn de agua dll.¡)Ol"llble para las plantaS igualmente 
va de baja a alta (53 a 174 Iltrwm1) El suelo pr<'ll'r1' 
ta ralgOS que indlC<ln cond"lOnel camblantel de 
óx.co-redocción, Los ¡.uelos se elasifKan como clm· 
Ijsdes y los pt.'rlijes descritos corre-sponden a cami}¡. 
sol lertlCo-elMgnico (hlperéutfl'o). ,amblsol M· 
t~gn lCO (epldlstrICO). camblso l estagnlCO (hÚmo::o. 
hlperéutrico). camblo;ol esMgmco (h iperéutricol. 

En los suelos formados sobre aren lICas la pro­
furnMad fl$iOl6glC<1 es mediana 140 a 69 <m); ti pH 
es fuertemente k>clo (4 a 5): los contenidos de ma· 
telll org~ni<o SOn a ltol (9% * 2.9). all como los 
de ¡ Iumlnio intercami}¡able; tienen una capacidad 
do! ¡ ireación mediana (8 a 10%), una capacidad do! 
carrpo med ia-bala (80 a 187 li tros/m') y una ca· 
pacdad de retern:ión de agua dls.pon ible para las 
plantas que va de baja a alta (42 a 1 70 IItroslrn1t lu 
drenaJf! e1 bueno, y se ~an rasgos de illfila· 
ciÓ!" de arcilla. Los suelos de esta un idad son ac"· 
soles a"" iado<; a cambi",les. los perfi les deICIIIo. 
cWicaron como ilCr!SOl CUUnICO (h IperdistncO. ep<a' 

rén ( o). IKr!SOl <ut~ni<o (húmlCo. hlperdfstrn:o. a~l­

col, ,.mblso! Mplico (alúmi<o, hlperdrstri<o). ac,,-
0;01 cutanko larUmko. hlperdlstrko) 

s;erCd kJ¡:;IiCd 

Cutre 13% del ~rea de estudIO. la estructura c:>n­
Slst~ de MtratOS de rOCal pltgadas. form~ndo kIs 

anlldina lM (cadena .. montal'losas) ChaJu l y xanab­
cú. de dlle<:ción NW-SE. donde a lternan estratos 
de ca lila y de rutlta del Campamaoo-M .. strichiaoo 
(Cret.kko luperior, 67 a 83 Ma,) (SG'" 1997). Una 
W~ formadas estas ere.aciones por los esfuer~os 
tect6ruco., los procesos exOgeoos desgastaron gra­
duatmente tas formaCIones rocosas dando tugar a 
las Iadl!'as y depresiones karstICiIS, 

Lad«dS kJrstlCas 
Son unlda<:les geoI09lCamente <onst~uidas por roca 
caliza: Abarcan una 'iUpt.'rlicie do! 4213 8 hect~reas, 
conaltnudesqlle van de lo! 160a1os425 m.~­

tan una topografia abrupta con perlÓeI1les de enlre 
2 y 60", dominando las superfkleS de entre \8 y 26" 
de Indll'lación Presentan pedregosdad superfICIal de 
hasta 40%. los suelos forrrli>dos a p¡lrtll de la roca 
caliza en goer.eral !OO someros, con f'IOfundidad do! 
5 a SO un, pH hgeramente.iodo (6" 7) Y altos con­
ten idos de male<ia org¡lmca (17 " 8 !%); SU lextura 
es ar"llo-hmosa y cuent.ln con un npaclO poroso 
totaf mediano a allO (SO a 55%), una capacidad de 
alleación me<:hana (6 5 a 10.5%). una capacidad 
do! campo mediana-aHa (233 a 434 ¡Iroslm') y una 
capacidad de relena6n de agw dis¡;on l,* par~ las 
plaMlas tla¡a a media (81 a 142 Iltmm)): se enc:uen­
tran mantil lo! tipo Mu ll y los 'iUeIos comlnantes!OO 
Iept050les a<,OC1ados a feo.zerm en las laderas Los 
perfiles desc"tos cJas,fIC~ron como leptosof ~l>CO 
y feozem ri>ndlICo (IímICo) . En el oordo! con las pla­
nICIeS a lLl\ll31es se pueden enconlr~r suelo. de tipo 
C/llTlblso! estágni<o (wtrn:o. IIIT\ICO) 

{)(;presIones kJrstKol$ 
Son unidades en las qlle la d>sorución de la roca ca­
lila ha sido más pronunciada. resu ltando oqlJl'dadoi>s 
O de!)reI.iones en cuyo fondo ql!eda retenido suelo 

2 .2.4 El EFECTO DI: .... C"'-.CM> [)[ SH>O 
SOSRE .... \ PRlNCIPIU.f\ [\f'[OES 4I:B()RtAS 

El ~ rea de esludlO P<tWlta .af'lOClO!les Importanles 
en gooformas y sveIos asooados a las mISmaS. en los 

....,10 " '" I 
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cuales ¡ontraslan los factores Ilm llanles para el de­
wrollo de la ve<:jetilOOn Gonz.llez-Gut>érrez aOOO), 
r€¡)Ofta qu-e eXISten dilereocias sign ilKat .... as efi la 
d'st nblción y ablmdanc'" de las especies entre las 
diferentes unidades amb~tales del ar~a de ~tudio, 

ffl!Clos robre J.¡ distribución 

En las ~as loá"tKas se presentan Ios.....tos más 
someros del ~rea de eslUdlo, En estas unidades se 
encontró Urlil baja capacidad de reteno6n de agua. 
lo qu-e puede determ,nar ~t rk hldr ico durante la 
época ~ (febrero-abriO_ Sólo efi ai9unos puntos se 
efiCUE'rtran pequeflos mosaicos de acumlllación de 
su-elo en los qlle se observa un mayor alm.Kén de 
agua S.a1,nas-MeIgoza (2002) anahzó los patrones 
espac'lles de d,.tr ibu<:ión en indl"oduos con d.a p 
> 1 O Cm efi el area de estudio. a pan" de lo cual re­
porta eue el patrón espac",1 "9reg.ado flle m.ls co­
mún en la sltrra karSIKi, es decor, en esta un>dad 
aumen:a la ptObab< lodad de encontrat ondrvldoos de 
la lTIIlITa pobIao6n efi una menor .... perfKH'! . As.mos­
mo, et1 esta unidad se pvedeo eocontrar es.pe<:>es 

como II<!ed psychoYioid<>s. Manilkara zapora y As­
troniuro grdveolens (S iebe el al 1995, Gonzalez­
Gut>érru 2000 Algunas es.pe<:1tS como Aegephylla 
ifgo>r1lM se desarrollan poedoo I "nantemenle en Iade­
ras Indnad.tS de C<l1a.tS a alull.1des may<;>reS a 300 m_ 

En contraste, la unidad de Iomerlos prO!'Senta una 
mayor vanac,ón en cuanto a ca l,dad de $tt IO. de 
forma genera l los Iomerlos muestran una mayor 
profunchdad f,s,oIOog ica y muy alla capac'dad de 
retenCl:m de agua. El factor hm itante puede ser la 
defKoenc ia de drenaje, en algunos SitIOS el pH fuer­
temtnle ~odCl, y fa alta saturación de alum,n io, En 
esti un,dad S-a ll nis-MelgoZi (20021 e-ncontró una 
d>stribu:iOn azarosa de las e\.J)e(1tS vegetales. Similar 
a lo 'e-porlado por Gonz,j lez-Gutio'r rez (10001 Hay 
especies como MocooiI argenrffi. TrophiI m&Ka"",. 
C~ sylvesrns, Ca/op/¡yllum brd!!liensey kili­
zolotm.m P8,allrN· AsimiSmo. Sitbe el al (19951 
reportan a Diallum guianense, Cupama dentata y 
Bro5Im)m eosrarkanum como especoes dom,nan­
te<; en f'lta umdad 

Dentro de los lomer1os tamboén se puede encon­
t",r vegelacoOn de l'pO l<Jba<>Olde. carac\er'ZiIda pOr 
a,bole<; de altu ras maxim as de 15 m ($,ebe et al 
l~S). Su composoc>ón arbórea es som ila r a la del 
tlosque en Iomerlo$ bajos, con la ablmdanc'" adKOo­
",,1 de ref'mi""l .. im.!lZOfl", L",iIletna ~regatum 
y Caklphyllum brasiileme. En las ~reas penód,ca­
frente ,nundadas, caracterizadas por condiciones 
de defi<:ienóa de drenaje dominan palmas de &Krris 
beJiln0.d6, B. IrochopllyJla y arboles como pacnrra 
"'\laIK" y 8ravaislf mlegemma (Siebe et al 1995) 

La un idad de plan icie al"",al tiene suelos b,en 
d-enados. con buen almacén de nutromentm. pH 
li geramente ,Kido y con un ambiente estab le para 
el desarrollo de la vegetac ión. En e<;ta un idad se 
(lpOrtan para el dosel super>Oo' especoes como Liea­
n:" platypus y 8rOSlmum ilicasl'um. Ouardrlbea 
funebris, Sremmadenia doneIl-smilllii. CastiJJa e/as­
tKa, T<lJ.¡uma mexica"" y G""""" glabra (S,ebe er al 
1995; Gonlá lez-(jut lérrez 20(0), 
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Abstract 

Tropical rainforests harbor a high diversity of tree species, offering a potentially rich array 

of timber (TFP) and non-timber (NTFP) forest products. The supply of such products has 

been commonly evaluated at the local (plot) scale; however, little is known about how their 

availability and diversity change at the landscape scale, particularly in heterogeneous 

environments. This information is critical in designing landscape forest management 

programs. Here, we assess the extent to which the frequency, abundance, diversity, 

composition and productivity (aboveground biomass) of tree assemblages with potential 

forest products (PFPs) change across three landscape units (LUs) that differ in soil and 

topographic conditions. The study was carried out in a well-conserved old-growth tropical 

rainforest in southeastern Mexico. Three plots (0.5 ha each) were established per LU, in 

which all trees ≥ 10 cm were inventoried, taxonomically identified and assigned to eight 

forest product categories. General linear models, multiple regression and ordination analysis 

(CCA) were used to assess structural and compositional changes in the tree assemblages 

supplying different PFPs among LUs and along soil physicochemical gradients. More than 

half (94 species, 57%) of the total number of identified species (165) had one or more PFPs, 

mostly related to timber products. Ordination analysis showed that the abundance of species 

with different PFPs has a heterogeneous distribution among LUs, mostly related to changes 

in soil nitrogen, pH and aluminum saturation. Variation among LUs in terms of tree biomass 

was strongly driven by soil available phosphorus and soil physiological depth. Each LU had 

a different potential to provide forest products, producing a diverse mosaic of PFPs within 

the landscape. Decisions concerning sustainable forest management should consider such 

variability in the availability and diversity of forest products across landscapes, as well as the 

environmental factors that govern this spatial variation. 

 

1. Introduction 

Tropical rain forests (TRF) are mega-diverse ecosystems that supply a wide array of goods 

and benefits for human well-being (de Groot et al. 2012). Among such goods are the timber 

(TFP) and non-timber (NTFP) forest products. The latter includes any biotic resource that 

does not imply the logging of trees, such as edible fruits, fuelwood, materials for construction 

(e.g. roofing leaves), as well as ornamental and medicinal plants (Belcher, 2003; de Groot et 
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al., 2010). Considering the classification of ecosystem services established by MEA (2005), 

forest products are an important provision ecosystem service that adds to the other support, 

regulation and cultural services supplied by TRF (Daily, 1997).  

In the Anthropocene, global demand for food and expansion of agriculture has driven 

severe deforestation in tropical regions (Gibbs et al., 2010). Deforestation has produced a 

critical reduction of global biodiversity and the loss of ecosystem services of local, regional 

and global importance (Foley et al., 2011). Satisfying the present and future demand for food, 

without compromising the biodiversity and ecosystem services of TRF, is therefore vital for 

the sustainable management of these forest ecosystems (Harvey et al., 2008). Sound 

management of forest products requires an assessment of their availability and diversity, as 

has been conducted in some tropical forests (e.g. Dattagupta et al., 2014; Ibarra-Manríquez 

et al., 1997; Peters et al., 1989). Some studies have shown a positive relationship between 

plant species diversity and the number of potential forest products at plot level (e.g. Quijas 

et al., 2010). There are studies that address the landscape-scale variation of tropical forest 

products and their relevance to forest management (e.g. Newton et al., 2012; Salo and 

Toivonen, 2009; ter Steege et al., 2002). However, most studies focused separately on timber 

or non-timber products. Therefore, there is a need of studies assessing changes in the 

availability, diversity and composition of forest products at landscape scales considering both 

forest product types. This approach is important for designing management strategies of 

forest products in an integral way, especially in areas with high environmental heterogeneity.  

The extraordinary tree species diversity in TRF is a result of the fact that most species have 

low population densities, which in turn causes a low availability of species-specific forest 

products. Since the population density and spatial distribution of species supplying forest 

products can affect harvesting quotas at the local and landscape scales, documenting these 

demographic attributes should help with the design of appropriate sustainable management 

programs for TRF products (Fortini et al., 2006; Newton et al., 2012; Ribeiro et al., 2014; 

Ticktin, 2004). Sustainable TRF management also addresses the biological and 

environmental complexity of these forest ecosystems (Ros-Tonen, 2000). For example, most 

TRF tree species require specific resources (e.g. quantity and quality of light, availability of 

soil nutrients and water), conditions (temperature, humidity) and biotic interactions 

(mutualistic associations with animals, bacteria and fungi) in order to germinate, establish, 
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grow and reproduce (Gravel et al., 2011; Wright, 2002). Sustainable forest management 

therefore not only requires basic information about the availability and diversity of forest 

products but also about the ecological factors that determine the spatial variation of these 

attributes (Guariguata et al., 2010). 

 Several studies have documented important levels of tree species turnover associated 

with environmental heterogeneity in TRF landscapes (e.g. Baldeck et al., 2013; Condit et al., 

2013; John et al., 2007; Phillips et al., 2003; Toledo et al., 2012). Soil nutrient content 

(Baldeck et al., 2013; John et al., 2007; Phillips et al., 2003; Swaine, 1996) and soil water 

retention capacity (Sollins, 1998) have been identified as important variables affecting tree 

species distribution and species turnover. Soil variables could therefore also play an 

important role in determining spatial variation in the availability and diversity of potential 

forest products (PFPs). It is possible to map spatial changes in soil nutrient content and water 

availability using topographic variation, since topography affects soil water availability and 

the biogeochemical processes that influence soil nutrient availability (Baldeck et al. 2013; 

Brown et al. 2013). Topographic and soil variables can be integrated within discrete, 

relatively homogenous, LUs, through a process of geopedological delimitation (Zinck et al., 

2016). When LUs are recognized, it is possible to evaluate the effect of soil variables on the 

spatial distribution and population density of plant species (Phillips et al., 2003). This, in 

turn, helps to identify soil and topographic factors that influence the potential spatial 

availability of forest products. This potential availability can be assessed through the 

abundance (trees per unit area), frequency of occurrence, and aboveground biomass (AGB, 

hereafter referred to as “biomass”) of the tree species that provide the PFPs. Abundance and 

frequency give an idea of the spatial attainability of the forest products while biomass reflects 

the potential productivity of tree species (Clark et al., 2001). 

   The Lacandon forest in southeast Mexico is one of the largest tropical rainforests of 

Mesoamerica; it is broadly representative of the TRF of southern Mexico and Central 

America (De Jong et al., 2000; Meli and Carabias, 2015). It has a high species diversity [120 

plant species in 0.1 ha (Dirzo et al., 2009) and more than 200 tree species with stems ≥ 10 

cm DBH in 7 ha (Martínez-Ramos, 2006)], which is related to its edaphic and topographic 

heterogeneity (Siebe et al., 1995). The historical cover of the Lacandon forest has decreased 

by 66% over the last four decades as a result of conversion of the land to agriculture (Meli 
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and Carabias, 2015; Zermeño-Hernández et al., 2015) and the Mexican government has 

decreed part of the forest (331,200 ha) as the UNESCO Montes Azules Biosphere Reserve 

(MABR) in 1978. This reserve aims to preserve the biodiversity and ecosystem functions and 

services of old growth forest ecosystems, limiting any extractivism or other human activity. 

In the area surrounding the MABR, where same forest topographic and soil formations exist 

(Martínez-Ramos, 2006, Navarrete et al., 2015) (Appendix A), governmental programs 

involving ecotourism and payment for environmental services have been conceived as part 

of the sustainable management of human modified landscapes (HMLs). However, 

accelerated demographic growth and human activities cause intense pressure, on remaining 

forest fragments surrounding MABR landscapes (Carabias et al., 2015). An ecological 

analysis of the availability and distribution of forest products that considers environmental 

heterogeneity is urgently required in such HMLs. 

   In this paper, we assess changes in the abundance, frequency, biomass, diversity and 

composition of tree assemblages that supply PFPs across LUs that contrast in terms of soil 

and topographic characteristics, in the Lacandon tropical rainforest. We use areas of the 

MABR as a study system in an attempt to provide an ecological basis for the extractivism 

potential and management of forest products in HMLs. The objectives of the study were to: 

i) evaluate the potential availability (abundance, frequency and biomass) and diversity of 

forest products supplied by tree assemblages present in an environmentally heterogeneous 

landscape, ii) document the variation in such potential within and among types of LU, and 

iii) assess the extent to which such changes are associated with variation in the soil (water 

and nutrient availability) and topographic attributes of the landscape. 

 

2. Methods 

2.1 Study site 

This study was conducted in the Montes Azules Biosphere Reserve (16°04' N and 90°45' W), 

located in the region of the Lacandon tropical rainforest, in Southeastern Mexico. Total 

annual precipitation in this area is ca. 3000 mm and mean annual temperature is 22 °C; there 

is a short dry season from February to April, with less than 60 mm of precipitation per month 

(Martínez-Ramos et al., 2009). The composition, structure and diversity of the forest are 
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influenced by variation in the geology, soils and topography (Ibarra-Manríquez and 

Martínez-Ramos, 2002; Siebe et al., 1995). 

The geology of the region comprises sedimentary rocks affected by folding and 

fracturing, such that outcrops of limestone, claystone and sandstone, as well as 

conglomerates, are structured in systematic patterns. Limestone outcrops occur on mountain 

ranges covering an altitudinal gradient of 150-700 m, affected by a karstification process. 

Low-hill areas occupy the depressions between karst-ranges in which claystone, sandstone 

and conglomerate outcrops alternate (García-Gil and Lugo-Hupb, 1992). Landscape units 

can be identified within this complex geological system, based on lithology, topography and 

soil properties (Siebe et al., 1995). The density and distribution of plant species respond to 

these contrasting landscape attributes (Ibarra-Manríquez and Martínez-Ramos 2002; 

Martínez-Ramos 2006). 

 

2.2 Landscape units 

Landscape units (LUs) were characterized based on the hierarchical geopedological 

classification system proposed by Zinck et al. (2016). These units were delimited by visual 

interpretation of the external characteristics of landforms in aerial photographs at scale 

1:20,000 and using a digital elevation model (DEM). Geological (SGM, 1997) and soil 

(Celedón, 2006; Siebe et al., 1995) data were also considered. Three contrasting LUs were 

selected according to lithology, soils and topography. The most distinctive characteristics of 

these LUs are presented in Table 1. 

In each LU, three 20 × 250 m (0.5 ha) plots were established, covering a total sampled 

area of 4.5 ha. A soil profile was described in each plot (three profiles per LU) and intact soil 

cores were taken in order to determine bulk density. In each profile, soil samples were 

collected from each genetic horizon [a layer of soil, approximately parallel to the soil surface, 

with properties (e.g. texture, bulk density) and characteristics (e.g. thickness, amount of root 

tissues) that distinguish it from the layers immediately above or below (Brady and Weil, 

1996)] for subsequent laboratory analysis in order to obtain a precise estimate of the soil 

nutrient content (Ellert and Bettany, 1995). In this way, the morphogenetic variation of the 

soils and its effect on the soil nutrient reserves of the different LUs was assessed. Soil 

physicochemical analyses (total carbon, total nitrogen, available phosphorus, exchangeable 
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cations, pH, Al3+ and H+, bulk density and soil particle size distribution) were conducted in 

the laboratory following standard procedures (Schlichting et al., 1995; Van Reeuwijk, 1992) 

on dry soil samples sieved to < 2 mm. 

 

Table 1. Topographic and soil attributes of three contrasting landscape units (LUs) in the 

Lacandon forest, southeastern Mexico. Mean values and standard error (SE) are shown for 

the soil properties of three sampling sites per LU in the solum. For each attribute, values with 

a different superscript letter differ statistically (ANOVA and Tukey post hoc test P < 0.05).  

LU characteristics Fluvial Terrace Low Hill Karst Range 

Slope (°) 0-2 2-26 18-26 

Surface stoniness (%) 0 0 40 

Soil Nitrogen (t ha-1) 12.2±3.0a 4.8 ±0.5a 10.3±2.0a 

Plant available phosphorous (mg kg-1) 9.2±1.9a 6.4±3.2a 11.1±5.7a 

Aluminum saturation in the cation 

exchange complex (%) 
2.1±2.0b 22.6 ±1.9a 0b 

pH 5.4±0.3b 4.1±0.1a 6.1 ±0.2b 

Physiological depth (dm) 13.4±0.9b 1.2±3.5a 4.93 ±1.7a 

Soil available water-holding capacity. 161.4±16.7b 34.6±3.8a 37.1±14.4a 

 

2.3.1 Estimates of the soil nutrient availability 

One of the main difficulties with comparing studies of the effect of soil nutrient availability 

on tree diversity is that soil nutrient concentrations are often measured using different 

techniques, which can complicate direct comparison of the results among studies (Clinebell 

II et al., 1995). Furthermore, simple comparison of nutrient concentrations does not take into 

account the fact that the soil nutrient pool depends on the mass of soil under consideration 

(Ellert and Bettany, 1995). For this reason, the concentrations of the elements determined in 

each genetic horizon within the solum (i.e. the A and B horizons, which represents the most 

biologically active zone of the soil, and where most roots and plants grow) were multiplied 

by the bulk density (quantified in the laboratory) and corrected for the stoniness and thickness 

of each horizon estimated in the field. Plant-available water holding capacity, physiological 

depth, field capacity and aeration capacity of the solum were estimated based on Siebe et al. 

(1996) and using data pertaining to soil texture, soil organic matter content and bulk density. 
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2.4 Tree sampling and characterization of PFPs 

In each of the nine 20 × 250 m (0.5 ha) plots described above, all trees with a diameter at 

breast height (DBH) ≥10 cm were recorded, identified to species level, and measured in 

DBH. In the literature, we identified PFPs reported for each recorded tree species; the PFPs 

were classified in the following categories (Appendix B): fodder, food, fuelwood, medicinal, 

melliferous, ornamental, plywood-paper pulp and timber. Aboveground biomass of each tree 

was estimated using the allometric equation provided by Chave et al. (2014). This equation 

considers DBH and species-specific wood density values, which were obtained from a 

previously published study (Poorter et al., 2015). The biomass values of all trees with PFPs 

recorded in each plot were summed per species. 

 

2.5 Data analysis 

Using data pertaining to the species with PFPs, we obtained mean (± s.e.) values of density 

(number of trees ha-1), biomass (Mg ha-1), species richness (number of species in 0.5 ha), 

species diversity (H’, Shannon index in 0.5 ha) and evenness (J, Shannon index in 0.5 ha). 

For each LU, H’ and J were calculated as indicated in Magurran (2013). Furthermore, we 

quantified the relative frequency of occurrence of each species across the nine study plots 

and the three LUs. To assess differences in the availability (tree density and biomass) and 

diversity (species richness, H’ and J) of tree assemblages with PFPs among the LUs, we 

performed general linear models. For count variables (density and species richness), we used 

a Poisson error and log-link function, while for continuous variables (biomass, H’ and J), we 

used a normal error and identical link function. These models were also used to assess 

differences in species richness, density and biomass among the tree assemblages that supplied 

different PFPs, as well as to assess differences among LUs in these three assemblage 

attributes for each PFP. We also used a Chi-Square test to assess differences among LUs in 

terms of the frequency of species with 1, 2, 3 or more different PFPs.  

To assess changes in dominant species among the LUs, we constructed species-rank curves 

for each individual LU (lumping species data of the three plots per LU) and for all of the LUs 

combined (lumping data from all nine study plots). The curves were constructed following 

Magurran (2013), and considering separately the abundance and biomass of tree species with 

PFPs. We performed this analysis using the ‘BiodiversityR’ (Kindt and Coe, 2005) package 
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of R (R Core Team, 2015). We used canonical correspondence analysis (CCA) to test 

differences in species composition among LUs and associations between species distribution 

and the soil properties (Palmer, 1993). In this analysis, we used species abundance and 

orthogonal soil variables, which are indicators of nutrient pools and water availability. 

Finally, we used a multiple linear regression analysis to assess changes in species biomass 

associated with gradients of soil physicochemical properties in the landscape. These analyses 

were conducted with the ‘vegan’ package (Oksanen et al., 2015) of R (R Core Team, 2015). 

 

3. Results 

3.1 Overall availability, diversity and species composition of trees with PFPs 

In total, 165 tree species were recorded across all of the studied plots, of which 57% (94 

species) had PFPs (Appendix B). Forty-one species (44% of the total species with PFPs) had 

only one PFP, 20 species had two (21%), 13 species had three (14%), 11 species had four 

(12%), 7 species had five (7%) and 2 species had six (2%). Alchornea latifolia 

(Euphorbiaceae) and Bursera simaruba (Burseraceae) were the species that provided the 

highest number of forest products (6), while Ampelocera hottlei (Ulmaceae), Brosimum 

alicastrum (Moraceae), Ceiba pentandra (Malvaceae), Dendropanax arboreus (Araliaceae), 

Luehea candida (Malvaceae), Manilkara zapota (Sapotaceae) and Pouteria sapota 

(Sapotaceae) had five products. Dialium guianense (Fabacea), Guarea glabra (Meliaceae), 

B. alicastrum, Pouteria durlandii (Sapotaceae) presented a wide spatial distribution 

(recorded in 89% of the plots), while most of the species (44% of 94 species) had a narrow 

distribution (<25%, Appendix B). 

  On average (± s.e.), a hectare of forest had 238 ± 24 trees with PFPs, representing a 

biomass of 181.8 ± 28.3 Mg/ha, a species richness of 33 ± 2 species per 0.5 ha, and a species 

diversity (H’) of 0.96 ± 0.06 in 0.5 ha (Table 2). Most species are used for timber (59, 63% 

of the total species with PFPs). The trees used for timber were more diverse (Fig. 1A) and 

had higher density (Fig. 1B) and biomass (Fig. 1C) than those with different NTFPs. 

Interestingly, 57% of the timber species also supply NTFPs. The number of tree species with 

NTPFs per plot varied between 3 and 15 (Fig. 1A) and, considering all of the study plots 

together (4.5 ha), the NTPFs included those of medicinal (42 species, 45% of total species 

with potential PFPs), food (33, 35 %), fuelwood (29, 31%), melliferous (12, 13%), 
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ornamental (12, 13%) and fodder (7, 7%) use. Trees with medicinal, food and fuelwood 

products also exhibited high density and biomass (Fig. 1B-C).  

 

3.2 Change of availability and diversity of PFPs among LUs 

The frequency of species with different numbers of PFPs did not differ among the LUs (X2 

= 2.13, d.f. = 8, P > 0.50). Twenty three percent of the 94 species with PFPs occurred in all 

three LUs, 38.3% in two, and 38.3% in just one. Overall, the tree assemblages with PFPs in 

the karst-range sites exhibited lower density, species richness, diversity and evenness than 

those on the fluvial terrace, especially those in the low-hill sites (Table 2). The fluvial terrace 

sites presented higher biomass than the other LUs.  

 

Table 2. Change in structural variables [mean and standard error (SE)] of tree assemblages 

supplying PFPs among landscape units (FT = fluvial terrace; KR = Karst range; LH = low 

hill), in the Lacandon tropical rainforest, southeastern Mexico. Values with a different 

superscript letter differ statistically (GLM, P ≤ 0.05). 

 

 Fluvial Terrace Karst Range Low Hill 

Abundance (trees ha-1) 241 ± 15b 174 ± 17a 298 ± 48c 

Aboveground biomass (Mg ha-1) 282.0 ± 40.9b 139.0 ± 11.4a 124.0 ± 13.4a 

Species richness (species in 0.5 ha) 33.0 ± 2.4b 27.0 ± 0.6a 38.0 ± 3.76b 

Species diversity (H’) 1.08 ± 0.05b 0.76 ± 0.08a 1.05 ± 0.05b 

Evenness (J) 0.71 ± 0.03b 0.53 ± 0.06a 0.67 ± 0.01ab 
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In the low-hill sites, the tree assemblages supplying timber products had higher species 

richness (Fig. 1D) and density (Fig. 1E) than those in the other LUs, while tree assemblages 

supplying timber and medicinal products had higher biomass in the fluvial terrace than in the 

low-hill sites (Fig. 1F). Finally, in the karst-range sites, the species richness of tree 

assemblages with plywood was lower than in the fluvial terrace sites (Fig. 1D). For the other 

NTFPs, we found differences among LUs only in terms of assemblage density, and these 

differences varied depending on the particular NTFP considered (Fig. 1E).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Change in structural attributes (species richness, assemblage density, and above 

ground biomass) of tree assemblages with potential forest products (PFPs) in the Lacandon 

tropical rainforest, southeastern Mexico. T = timber; M = medicinal; F = food; Fdd = fodder; 

Fw = fuelwood; Pw = plywood; O = ornamental; Mf = melliferous. From A to C, mean ± 

S.E. (vertical lines; n = 9 plots per PFP) values of the structural attributes of tree assemblages 
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supplying each PFP are shown; bars with a different superscript letter indicate significant 

differences (p < 0.05, general linear model tests). From D to E, mean ± S.E. values (n = 3 per 

LU) for each structural attribute, LU, and PFP are shown; bars with different superscript 

letters within each PFP differ significantly (P < 0.05). 

Species-rank curves based on species abundance showed variation in the dominant 

species with PFPs among the LUs (Fig. 2): Ampelocera hottlei, Dialium guianense 

(Leguminosae) and Guarea glabra (Meliaceae) were the three most abundant species in the 

fluvial terrace sites, B. alicastrum, M. zapota and Quararibea funebris (Bombacacea) in the 

karst-range sites and D. guianense was the single dominant species in the low-hill sites. 

Combining all of the LUs, the three most abundant species with PFPs were D. guianense, G. 

glabra and B. alicastrum.  

 

Figure 2. Species-rank curves based on species abundance for tree assemblages supplying 

PFP in the Lacandon tropical rainforest, southeastern Mexico. The curves correspond to each 

of the three study landscape units (fluvial terraces, karst-range, and low hills) and to all sites 

combined (all units). On the X-axis, species are ranked in a decreasing order of abundance 

while on the Y-axis, the number of trees of each species per hectare is indicated. 
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  Species-rank curves based on species biomass showed a different combination of 

dominant species in each LU (Fig. 3). The species with highest biomass in the fluvial terrace 

sites were Licania platypus (Chrysobalanaceae), B. alicastrum, and D. guianense; at the 

karst-range sites, these were B. alicastrum and M. zapota, while D. guianense and Terminalia 

amazonia (Combretaceae) were the dominant species in the low-hill sites. Interestingly, B 

alicastrum appeared among the three species of highest biomass in all of the LUs, despite the 

fact that this species was less abundant than other dominant species in biomass. For example, 

in the fluvial terrace sites, this species did not appear among the ten species of highest 

abundance but was second in terms of biomass. Combining all of the LUs, B. alicastrum, D. 

guianense and Spondias radlkofery (Anacardiaceae) were the top three dominant species in 

biomass. 

 

Figure 3. Species-rank curves based on species aboveground biomass for tree assemblages 

supplying PFP in the Lacandon tropical rainforest, southeastern Mexico. Curves correspond 

to each of the three study landscape units (fluvial terraces, karst-range, and low hills) and to 

all sites combined (all units). On the X-axis, species are ranked in a decreasing order of 
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biomass while on the Y-axis the logarithm of biomass (Mg) per hectare is indicated for each 

tree species. 

 

The two main axes of the CCA ordination of tree species with PFPs explained 69% 

of the total variance among sites (Fig. 4). The species were clearly segregated among LUs, 

which shows that species composition differed among these units. The first axis was 

positively correlated with soil nitrogen content (P < 0.05), thereby separating species found 

in the kart-range sites (habitat with higher soil nitrogen and water drainage but lower soil 

rooting depth) from those found in the other LUs (Fig. 4, Table 1). The second axis was 

negatively correlated with aluminum saturation (P < 0.05) and separated the species in the 

low hills (higher aluminum saturation) from those in the fluvial terrace sites (higher soil 

rooting depth). Finally, multiple linear regression analysis including all study plots showed 

that the biomass of trees with PFPs was strongly and positively related to soil available 

phosphorus and physiological depth (R2= 0.90, P < 0.01).  

 

Figure 4. CCA Bi-plot showing changes in the composition of species with PFPs across 

landscape units differing in soil and topography, as well as in the number and type of potential 

forest products in the Lacandon tropical rainforest, southeastern Mexico. Al sat.= aluminum 

saturation; FT= Fluvial Terraces, LH= Low Hills and KR= Karst Range. The symbols 

distinguish species with only one forest product category from species with multiple-uses.  
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4. Discussion 

4.1 Overall availability and diversity of PFPs 

Tropical rainforests are not only diverse in tree species but also rich in forest products, as 

documented in this study. Almost two thirds of the 165 tree species recorded in this study 

had at least one PFP. Because of study was restricted to trees with DBH ≥ 10 cm, we can 

expect this number would be higher if shrubs, small understory trees, lianas and epiphytes 

were included. The fact that most of these species could supply a single forest product is in 

line with findings reported by Ibarra-Manríquez et al. (1997) and Dattagupta et al. (2014) for 

others TRFs. More studies are required to verify whether the predominance of species 

supplying a single forest product constitutes a general pattern in TRFs. The fact that most 

tree species with PFPs were categorized as timber products parallels the results of Ibarra-

Manríquez et al. (1997) for the TRF of Los Tuxtlas, Mexico. Among our timber species, a 

third were reported with more than two NTFPs, which coincide with figures reported by 

Herrero-Jáuregui et al. (2009) and Herrero-Jáuregui et al. (2013) for other TRF localities. 

  Overall, our results show that the Lacandon TRF provides a rich set of NTFPs 

particularly for medicinal, food and fuel-wood uses (Fig. 1A-C). To reach sustainability, 

however, future studies will need to define sustainable harvesting thresholds based on the 

rate of resource production, the rate of resource harvesting, plant resilience to harvesting, 

ecosystem disturbances caused by harvesting, and economical-ecological harvesting trade-

offs (e.g. Hernández-Barrios et al., 2015), as has been done for some timber (e.g. ter Steege 

et al., 2002; Zimmerman and Kormos, 2012) and non-timber forest products (e.g. Gaoue, 

2016; Gaoue et al., 2016; Ribeiro et al., 2014; Ticktin, 2005). 

 

4.2 Change in availability and diversity of PFPs across landscape 

The fact that assemblage density, biomass and species diversity of the trees supplying PFPs 

varied among LUs (Table 2) indicates important soil-topographic habitat effects on the 

performance and spatial distribution of species. Previous studies have shown that the spatial 

distribution and productivity of tropical tree species both respond to variation in such 

environmental factors in the landscape (Baldeck et al., 2012; Condit et al., 2013; Laurance et 

al., 2010, 1999; Phillips et al., 2003; Sollins, 1998). In our study area, spatial variation in tree 

species composition was explained by changes in soil nitrogen content, soil rooting depth 
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and aluminum saturation (Fig. 4). The spatial variation in biomass was strongly and 

positively related to changes in soil available phosphorus and rooting depth. In the LU 

(Alluvial Terrace), which had a higher availability of soil nutrients and water, deeper soil and 

flatter terrain, the trees present large sizes, which in turn acts to reduce the space available 

for other trees. This produces tree assemblages of relatively low density and species diversity 

(Clark and Clark, 2000; Laurance et al., 1999). The lowest biomass of trees with PFPs at the 

Low Hill sites was probably due to the low levels of available phosphorus found in that LU, 

since this nutrient has been reported to limit tropical forest productivity (Laurance et al., 

1999; Paoli et al., 2008; Vitousek, 1982). Low pH values and high aluminum saturation, as 

found in the Low Hill sites, cause phosphorus to be present in insoluble compounds, which 

are unavailable to the vegetation (Chapin et al., 2011). 

  Strong relationships between the spatial distribution of tropical forest species used for 

timber and soil properties have been well documented (e.g. Banin et al., 2014; Paoli et al., 

2008), but not to date for species that supply NTFPs. Significance effects, particularly on tree 

density, were noted when analyzing the effects of LU on tree assemblages supplying specific 

NTFPs (Fig. 1E). These results support the notion that such products and their availability 

present an unequal distribution in the landscape (Campbell et al., 1997, Fortini et al., 2006). 

Establishing causal relationships between LUs and the availability and diversity of NTFs is 

complicated by the fact that same species may supply two or more products (e.g. edible fruits 

and medicinal products). Furthermore, different species supplying the same product can 

respond differentially to environmental variation, which complicates the examination of the 

effects of environmental heterogeneity effects on the spatial variation of each NTFP. This 

may explain why most tree assemblages supplying different NTFPs did not differ among the 

studied LUs, in terms of biomass or species richness (Fig. 1D and 1F). Another challengeable 

issue is the difficulty of scaling the abundance and diversity of forest products recorded from 

a plot up to landscape level. Such difficulty emerges when beta species diversity is high, as 

is commonly the case in tropical rainforests (e.g. Condit et al., 2002). As our CCA analysis 

showed, this is true for our study landscape, where a strong variation among LUs in 

composition of tree species supplying PFPs exists (Fig. 4). It is therefore important to study 

the availability and diversity of forest products using sampling designs that encompass the 
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environmental variability to which such beta diversity responds (Clark and Clark, 2000), as 

was sought in the present study. 

 

4.3 Implications for management of multiple forestry products 

Identifying key soil variables that influence the availability and diversity of PFPs in the 

landscape is an important step towards the development of sustainable forest management. 

However, there are other factors associated with human dimensions that should be considered 

when the goal is sustainable forest management (Panayotou and Asthon, 1992). One such 

factor is selectivity of the quality and quantity of the forest product for market demand 

(Arnold and Pérez, 2001). For example, in the case of edible fruits, the flavor and quantity 

of the pulp must be considered (Ibarra-Manríquez et al., 1997). For example, in our study 

forest there were several species of Ficus (Moraceae) abundant in the Fluvial Terrace that 

produce edible fruits. However, these fruits are either very small (F. pertusa) or not sweet 

when large (F. yoponensis). Furthermore, despite being very edible, the fruits of D. 

guianense, the most abundant tree in the Low Hill sites, have little pulp. In contrast, M. zapota 

produces fruits that are highly appreciated in the market for their flavor and rich pulp but its 

availability is limited to the Karst Range sites. Thus, despite the fact that several species 

provide a specific forest product, these can vary considerably in quality and quantity across 

the landscape (Sheil and Wunder, 2006). Another human-oriented factor is the variation that 

exist among local interests in terms of exploiting different resources of the same species; this 

produces conflicts in the use of such species (Guariguata et al., 2010; Herrero-Jáuregui et al., 

2009). For example, Diospyros nigra (J.F.Gmel.) Perrier., B. alicastrum, M. zapota and P. 

sapota are valuable species for their timber but are equally valuable for their very edible 

fruits (Appendix B). Thus it is vital to incorporate the priorities of local users (Sheil et al., 

2006), as well as to identify market opportunities and provide market knowledge associated 

to commercialization of forest products (Guariguata et al., 2012). Otherwise, harvesting of 

species supplying multiple forest products, counted without adequate local consultation and 

organization, may alienate local stakeholders (Sheil et al., 2006) and create governance 

problems (Guariguata et al., 2010; Radachowsky et al., 2012), poverty and ecological 

degradation. 
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Multipurpose species management success is multifactorial and context-dependent 

(Guariguata et al., 2010). Independently of the main use choice for each species, management 

practice design should consider the spatial landscape variation in the attainability and 

availability of the selected species. In our study, some species were restricted to a particular 

LU or presented wide variation in abundance and biomass across LUs. Such changes in 

ecological attributes of the species therefore must be considered. Identifying the relationships 

between the change in the availability and diversity of forest products in the landscape and 

the environmental variation that causes such change is, therefore, an important step in 

designing appropriate integrated management and conservation programs for forest products, 

especially in heterogeneous TRF landscapes. 
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Abstract 

Economic incentives to offset carbon dioxide (CO2) emissions associated with deforestation 

and other human activities affecting forest ecosystems depend on robust estimates of changes 

in forest carbon (C) stocks. Such stocks are difficult to assess in heterogeneous landscapes 

where the soil properties and the forest structure and functionality vary in space and time. 

Here we show that geopedological mapping is useful to quantify the above- and belowground 

C stocks in the different land units of the Lacandon tropical rainforest, southeast Mexico. We 

used an ordination method to recognize major gradients in the soil and we applied regression 

analyses to identify relationships between soil properties and AGB. Total forest C stocks 

differed among land units (287 to 478 Mg C ha-1 in limestone mountains and fluvial terraces, 

respectively). Soil constrains like rooting depth (ranging from 0.13 to 1.34 m), available 

water storage capacity (ranging from 32.3 to 161.4 L m-2) and Al saturation in the ion 

exchange complex (0 to 22.6 % Alsat) were correlated with the aboveground biomass (AGB) 

C stock by affecting the stem size and density of trees. Soil organic carbon (SOC) in the 

solum represented 22 to 46% of the total forest C stock in the different landscape units, of 

which 28 to 45% was stored below 30 cm depth. Therefore, an accurate assessment of forest 

C stocks must consider not only the variation between land units with contrasting soil 

properties, but also the solum depth. Our results indicate that stratified sampling based on 

geopedologic mapping is useful to allocate incentives assessment of C storage at relatively 

low costs and with reasonable effort. 

  



59 

 

1. Introduction 

Tropical rain forests are the most productive terrestrial ecosystems accounting for the largest 

carbon dioxide (CO2) uptake per area unit (Beer et al., 2010; King et al., 1997). Thus, these 

ecosystems play a significant role for global terrestrial C storage in their different 

components (van der Sande et al., 2017a). However, the C balance of tropical ecosystems 

remains uncertain, since it is largely affected by deforestation and forest degradation (Baccini 

et al., 2017; Gibbs et al., 2010), causing these forests to become a carbon source for the 

atmosphere (Baccini et al., 2017, 2012). Despite there are other factors affecting CO2 

concentration in the atmosphere, as the residence time (Archer et al., 2009; Chapin et al., 

2011) and the fact that terrestrial ecosystems have a finite capacity to store C (Mackey et al., 

2013), the terrestrial C storage remains as one of the main strategies to mitigate the 

atmospheric increases in CO2 concentrations (Asner et al., 2014). Therefore, tropical 

developing countries have created economic incentives to reduce deforestation and forest 

degradation rates and their associated C emissions (Gibbs et al., 2007; Griscom et al., 2009). 

Establishing reliable finance schemes oriented to maintain or increase terrestrial C 

stocks requires robust estimates of these stocks (Berenguer et al., 2015; Gibbs et al., 2007; 

Houghton, 2005; Saatchi et al., 2011). Five main stocks are differentiated by the IPCC 

(2006): aboveground biomass (AGB), belowground biomass (BGB), dead wood (or 

necromass), litter, and soil organic carbon (SOC). The AGB and SOC are the largest stocks 

in tropical forests (Berenguer et al., 2015; Gibbs et al., 2007; Ngo et al., 2013) -although the 

contribution of belowground biomass remains uncertain since to estimate this stock usually 

root to shoot ratios are applied (Delaney et al., 1997; Djomo et al., 2011; Saatchi et al., 2011). 

The AGB can be estimated by remote sensing techniques and is often used to derive other C 

stocks (e.g., BGB or litter) (Gibbs et al., 2007; Saatchi et al., 2011). Therefore, many studies 

have focused only on the remotely sensed AGB stock to maximize the cost-effectiveness of 

C assessments ( Gibbs et al., 2010, 2007; Saatchi et al., 2011). This approach overlooks the 

SOC stock, notwithstanding the fact that the lack of SOC estimates may seriously 

underestimate total forest C stock. Soil studies to 100 cm depth in neotropical rain forests 

indicate that SOC may comprise 50% -75% of the total forest C stock (e. g. Delaney et al., 

1997; Fonseca et al., 2011; Hughes et al., 1999; Kauffman et al., 2009). 
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Accurate C stock estimates are difficult to compile in tropical forests since they often 

face a high biotic and abiotic heterogeneity. Remote-sensing options that provide AGB 

estimates with low to medium uncertainty by Light Detection and Ranging (LiDAR) images 

(Gibbs et al., 2007) do not allow to estimate the SOC stock nor the soil properties which are 

necessary to calculate it, such as SOC concentration, soil bulk density, percentage of coarse 

fragments and soil depth (Jobbágy and Jackson, 2000; Lal, 2005). The dense canopy of 

tropical rainforest limits the usefulness of remote-sensing options to assess the SOC stock 

(Rasel et al., 2017; Vaudour et al., 2016). 

Tree community stand structure parameters such as the basal area and the number of 

large trees are among the most important factors explaining the spatial variation in AGB of 

tropical rainforests (Alves et al., 2010; Banin et al., 2014; Baraloto et al., 2011; Berenguer 

et al., 2015; Slik et al., 2013). The spatial variation of these tree community parameters is 

also determined by soil properties that constrain tree growth (Alves et al., 2010; Paoli et al., 

2008) or stimulate the development of specific taxonomic tree groups (families, genera, etc.) 

(Banin et al., 2014; De Castilho et al., 2006). Therefore, soil properties that drive SOC 

accumulation may also regulate the spatial variation of AGB of tropical forests (Baldeck et 

al., 2012; De Castilho et al., 2006; Laurance et al., 2010; Quesada et al., 2012; Sullivan et 

al., 2017). 

Stratified sampling has proved to be useful to more accurately estimate the AGB-

carbon considering landscape variation (landforms) since it includes the landscape variability 

of topography and geology (and the soil derived from it) (Laumonier et al., 2010). In this 

study we analyzed how soil properties determine site quality -the latter, defined by Daniel et 

al. (1979) as the sum of all the environmental factors affecting the biotic community of an 

ecosystem- and, thereby, the variation of C stocks in the Lacandon tropical rainforest in 

southeast Mexico. Particularly we aimed to assess: 1) the contribution of SOC stock in the 

solum (A and B horizons) to the terrestrial forest C stock in distinct land units with 

contrasting landform and parent material, and 2) to investigate how the variation in soil 

properties affects the AGB stock across the landscape. We studied a neotropical forest 

covering a landscape with contrasting soil-topographic conditions under the same climate 

(Ibarra-Manríquez and Martínez-Ramos, 2002; Siebe et al., 1995) (Table 1). The Lacandon 

tropical rainforest represents one of the most extensive tropical rain forest in North America 
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(Mendoza and Dirzo, 1999). Previous AGB-C stock estimates in the study area ranged from 

94.0 ± 26.3 (Balvanera et al., 2005) to 233.4 ± 52.3 Mg C ha-1 (De Jong et al., 2000). A 

preliminary study identified differences in tree density and standing biomass across 

geopedological land units (Siebe et al., 1995). Ibarra-Manríquez and Martínez-Ramos (2002) 

reported that smaller tree diameters are related to poor soil drainage and small available water 

storage capacity along the different geopedologic land units. 

Table 1. Range in soil-topographic attributes and tree community characteristics at the 

Lacandon rainforest in southeast Mexico. Average pH was measured with samples taken 

from soil profiles of indicated depth. Modified from Siebe et al. (1995) and Ibarra-Manríquez 

& Martínez-Ramos (2002).  

 Geopedologic land units 

  Fluvial terraces Low-hills Limestone mountains 

Soil 
   

Rooting depth (cm) 65-100 55-65 12-20 

pH 5.8  4.7  7  

Drainage Moderate to well 

drained 

Moderate to 

deficiently drained 

Well drained 

Soil unit classification 

(IUSS, 2014) 

Fluvic Cambisol Vertic-Stagnic 

Cambisol and 

Cutanic Acrisol 

Rendzic Leptosol 

Topography 
   

Slope Flat (<2 °) Moderate steep  

(<15-30°) 

Very steep (30-40°) 

Tree community characteristics 
  

Tree density  

(individuals ha-1) 

318-376 344-524 426-578 

Basal area (m2 ha-1) 22.6-37.6 16.6-29.8 21.6-27.0 

Number of tree species per 

0.5 ha 

43-58 50-81 70-74 

 

We hypothesized that the AGB and SOC stocks, as well as their contribution to the 

forest C stock, will differ among geopedologic land units. On the other hand, we expected 

that if soil properties variation (i.e., soil nutrient contents, soil drainage conditions or soil 

water storage capacities) influences the stem size and density, it will indirectly regulate AGB 

production across the landscape. Because a forest inventory at the field scale is the most 
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direct method to quantify forest C stocks (González et al., 2014), this study aimed to provide 

guidance for AGB, litter and SOC stock assessments in heterogeneous forest landscapes. 

2. Materials and methods 

2.1 Study area 

This study was conducted in the surroundings of the Chajul Tropical Biological Station, in 

the southern part of the Montes Azules Biosphere Reserve (MABR) (16°04' N; 90° 45' W), 

within the Lacandon region, southeast Mexico (Figure 1). The MABR was established as a 

nature protection zone in 1978. The difficult access to the region maintained a low population 

density in the neighbor communities of the MABR, however in the year 2000 the construction 

of a highway connecting the region with urban centers caused a population increase to 12.6 

inhabitants per km2 in 2010 (Carabias et al., 2015; INEGI, 2016). According to Zermeño-

Hernández et al. (2015), the region south of the MABR is covered by 34% by preserved old-

growth forest fragments, 16% by secondary forest patches, and the rest by cattle pastures and 

crops. Mean annual precipitation (MAP) is 3000 mm and the mean annual temperature 

(MAT) 22°C. There is a short dry season from February to April (< 100 mm per month) 

(Martínez-Ramos et al., 2009). The area is covered by a mosaic of vegetation types that 

include mainly tropical rain forests of medium high canopy (<30 m) (dominant species 

Bravaisia integerrima, Dialium guianense, Quararibea funebris amongst others) to high 

canopy (> 30) (Brosimum alicastrum, D. guianense, Licania hypoleuca amongst others), and 

savannah type vegetation with Byrsonima crassifolia and Curatella americana as main 

dominant tree species (Ibarra-Manríquez and Martínez-Ramos, 2002; Ochoa-Gaona and 

Domínguez-Vázquez, 2000). 

 Siebe et al. (1995) differentiated three main geopedologic land units in the study area, 

i.e., land units with contrasting lithologic and topographic conditions on which distinct soils 

occur, namely: 1) limestone mountain ranges with steep slopes (>30º) and shallow soils (<20 

cm) which classify as Rendzic Leptosols (IUSS Working Group WRB, 2014), 2) lower hills 

of folded claystone-sandstone sequences, with moderately steep slopes (15-30º) and medium 

deep soils (55-65 cm), the parent material changes in tenths of meters distance (Siebe et al., 

1995), the soils classify as Vertic-Stagnic Cambisols associated with Cutanic Acrisols and, 

3) fluvial terraces and plains (associated with fluvial deposits), i.e., nearly flat (<2º) alluvial 

surfaces with deep soils (65-100 cm) which classify as Fluvic Cambisols. 
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2.2 Site quality classification 

Major landscape units were determined by the hierarchical classification system proposed by 

Zinck (1988). Map units were obtained by visual interpretation of the external features of 

landforms (Zinck et al., 2016) in 1: 20 000 scale aerial photographs and using a 1:50 000 

digital elevation model. Geological information (Servicio-Geológico-Mexicano, 1997) and 

soil information (Celedón, 2006; Siebe et al., 1995) were included to delineate seven major 

geopedologic land units (Figure 1). We selected limestone mountains, low hills of claystone-

sandstone and fluvial terraces since these units cover the major landscape surface in the study 

area. 

 

Figure 1. Geopedologic land units delineated in Lacandon rainforest, southern Mexico. 

 

2.3 Estimation of carbon stocks 

Within each geopedologic land unit, three plots of 20 × 250 m each were established, to 

determine AGB, BGB, litter and SOC stocks. In each plot, the stem diameter of all trees with 
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diameter ≥ 10 cm at breast height (dbh, 1.3 m above ground) was measured. For big trees 

with large buttresses, stem diameter was taken above such structures. In each plot, AGB was 

estimated based on dbh measurements using a generic tropical rain forest equation proposed 

by Brown, (1997) and modified by Rügnitz et al. (2008). This equation was used because the 

available site-specific and species-specific equations (Rojas-García et al., 2015) cover < 20% 

of the species that are present within the studied plots, and do not include the more abundant 

species. We considered that it was more appropriate to use a generic model so that the error 

is equal for all species. The use of generalized allometric relationships by grouping all species 

has proven to be very effective in the tropics (De Jong et al., 2000; Lewis et al., 2013; Poorter 

et al., 2015; Willcock et al., 2014) since dbh alone explains more than 95% of the variation 

in AGB tropical forest C stocks (Brown, 2002; Gibbs et al., 2007). In this study, we omitted 

trees with dbh < 10 cm because their contribution to the AGB may be less than 2% as has 

been described by Berenguer et al. (2015) and Hughes et al. (1999). To calculate the ABG 

of each tree (AGBtree) with dbh >10 cm, we chose the allometric model based on a regression 

equation for estimating biomass of tropical trees [equation 1] for MAP between 2000 and 

4000 mm (Brown, 1997; Rügnitz et al., 2008): 

 

AGBtree (kg dry mass) = exp[-2.289+2.649*ln(dbh)-0.021*(ln(dbh))2]    [1] 

 

Where AGBtree is the AGB (kg) of each tree, dbh is the diameter at breast height (cm). 

To estimate the AGB per ha we used the equation [2]: 

AGBplot (Mg dry mass ha-1) = (∑at/1000) × (10000/A)     [2] 

 

Where AGBplot is the total AGB by plot in Mg ha-1, ∑at is the sum of the dry mass of 

all trees in the plot in kg; 1000 is the factor to convert kg into Mg; 10000 is the factor to 

convert meters in hectares; and A is the surface of the plot (m2). To transform AGB into 

AGB-C stock, the equation [3] of Somogyi et al. (2008) was used: 

 

AGB-C = AGBplot × CF         [3] 
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Where AGB-C is the aboveground C stock (in Mg C ha-1) of the AGB, AGBplot is the 

total AGB per hectare (in Mg ha-1), CF is the C fraction of the dry AGB (Mg C Mg-1). We 

assumed that 50% of the AGB mass was C (Ngo et al., 2013). We used the equation [4] 

proposed by Saatchi et al. (2011) to estimate BGB from AGBplot in Mg ha-1. 

 

BGB = 0.489AGBplot
0.89         [4] 

 

Where BGB is the belowground biomass (in Mg ha-1) and AGB plot is the total AGB 

(in Mg ha-1) by plot. To convert BGB into BGB-C stock, the equation [5] of Somogyi et al. 

(2008) was used: 

 

BGB-C = BGB × CF          [5] 

 

Where BGB-C is the belowground C stock (in Mg C ha-1), BGB is the dry below 

ground biomass (in Mg ha-1) estimated from the equation [4], CF is the C fraction of the dry 

biomass (Mg C Mg-1). We assumed that 50% of the dry mass was C (Ngo et al., 2013).  

Three soil pits (1 m wide × 1.5 m long and between 0.3 to 1.4 m deep) were dug in 

the middle of each plot for soil description. The sampling was performed in the same slope-

position to reduce micro-topographic effects of erosion and deposition. After describing the 

soil, one disturbed soil sample was taken from each genetic horizon of the solum, and three 

undisturbed 100 ml core samples were taken in each horizon for bulk density determination. 

In the laboratory, the disturbed samples were air dried and sieved (< 2 mm) prior to analysis. 

Total C (TC) was determined in air dried, sieved and ground (< 0.05 mm) subsamples in the 

laboratory with an elemental CHNS/O analyzer (Perkin Elmer 2400 series II). None of the 

soils of low hills and fluvial terraces contained carbonates so we considered that SOC was 

equal to TC. In the case of limestone mountains, the total inorganic C (TIC) was measured 

with a TC analyzer equipped with a solid sample combustion unit SSM- 5000A (Shimadzu) 

by an infrared gas analyzer, which determined the CO2 produced after adding an acid 

solution, in such a way that SOC was calculated as the difference TC-TIC. The stone content 

in vol (%) was estimated in the field (FAO, 2006), and bulk density was determined 

gravimetrically in the 100 ml core samples after drying the samples at 105 °C (MacDicken, 
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1997). The SOC stock (Mg C ha-1) in each horizon within the solum (A and B horizons) was 

calculated using the IPCC (2003) equation [6] as follows: 

 

SOChorizon (Mg C ha-1) = C (g kg-1) × T (m) × BD (Mg m-3) × (1-frag) × 10   [6] 

 

Where C is the concentration of organic C obtained by the laboratory analysis (the data was 

reported on a dry mass basis by correction for soil moisture content determined on sample 

aliquots dried at 105 °C), T is the horizon thickness, BD is the bulk density and frag is the 

percentage of coarse fragments/100, 10 is the factor to convert m2 into hectares and kg into 

Mg.  

The forest floor litter (i.e., the L horizon consisting of leaves, fruits, seeds, bark, and 

wood <2.5 cm diameter) was sampled once in microplots of 50 × 50 cm (Hughes et al., 1999) 

placed along three linear transects (at a distance of 6 meters each) distributed longitudinally 

along each plot (n = 6 per plot). The samples were dried at 60 °C, weighted and ground (< 1 

mm), and their C concentration was determined in the laboratory with an elemental CHNS/O 

analyzer (Perkin Elmer 2400 series II). The C litter stock (L-C) per hectare was determined 

using the equation [7] of Rügnitz et al. (2008), which multiplies the C fraction of the litter 

sample (CF-L) (obtained in laboratory) by the total weight of the same sample dried at 60 

°C. The C of the litter stock (L-C) in Mg C per ha was calculated with equation [8]. 

 

C mass litter (Kg C) = mass (Kg) × CF-L       [7] 

L-C (Mg C ha-1) = (10000 / 0.25 m2) × ((ΣC-samples / number of samples)/1000)  [8] 

 

Where L-C is the C stock in the litter, 10000 is the conversion factor meters into 

hectares, 0.25 m2 corresponds to the microplot surface, 1000 is the factor to convert 

kilograms of dry mass into Mg of dry mass and ΣC-samples is the amount of C in all samples 

of 50 cm × 50 cm (0.25 m2) divided by six (samples collected per plot).  

 

2.4 Soil analyses 

The following analyses were performed on air-dried soil samples following standard 

procedures (van Reeuwijk, 1992; Schlichting et al., 1995). Results are reported on a dry mass 
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basis by correction for soil moisture content determined on sample aliquots dried at 105 °C. 

The pH was measured in 0.01 m CaCl2 in the supernatant of a 1: 2.5 (wt:vol) soil suspension 

with an Aqua Lytic Senso Direct pH24 potentiometer equipped with a combined 

glass/calomel electrode. Total nitrogen (TN) was determined using a CHNS/O elemental 

analyser (Perkin Elmer 2400 series II). Extractable phosphorus (Pex) was determined by the 

method of Bray-Kurtz and quantified by colorimetry (Van Reeuwijk, 1992). Exchangeable 

base cations (Xex) were extracted with 1 N ammonium acetate buffered at pH 7, and Caex and 

Mgex were quantified by AAS in an air-acetylene flame (Perkin Elmer 3100). Kex and Naex 

by flame emission (Corning). Exchangeable acidity (Hex plus Alex) was determined in 1 M 

KCl extracts by titration with 0.01 N NaOH and 4% NaF (H+), or by AAS in a nitrous oxide-

acetylene flame (Al3+). The Al saturation (Alsat) in the cation exchange complex was 

calculated as follows (equation [9]): 

 

Alsat (%) = (Alex (cmol kg-1)/ Σ (Caex, Mgex, Kex, Naex, Hex, Alex (cmol kg-1)) × 100 [9] 

 

Soil texture was determined by the combined sieve and pipette method (Schlichting 

et al., 1995; Soil Survey Staff, 2011) after destroying organic matter with peroxide, 

dissolving CaCO3 with diluted HCl, and dispersing the sample with sodium 

hexametaphosphate. 

The available water holding capacity (AWHC) and the aeration capacity of each soil 

horizon were estimated and interpreted using AG-Bodenkunde (2005), and Siebe et al. 

(1996), which consider soil texture, soil organic matter content and bulk density determined 

in the laboratory (as are described above), as well as the percentage of coarse fragments and 

horizon thickness estimated in the field. 

 

2.5 Data analysis 

In order to detect and classify meaningful variables related to the SOC stock and to identify 

significant gradients that may affect the AGB at landscape scale, we used a principal 

component analysis (PCA) as ordination method to minimize the dimensionality of the 

collected data. The PCA has been used as ordination method to describe major gradients in 

the soil related with AGB in tropical rainforest (De Castilho et al., 2006; Laurance et al., 
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1999; Lewis et al., 2013). The PCA additionally reduces the number and collinearity of 

variables (Laurance et al., 1999; Slik et al., 2013). The PCA was performed with the software 

R (R Core Team, 2015) after log-transformation of the data to homogenize the variances 

(Breulmann, 2011). Subsequently regression analyses were applied to the resulting data of 

the PCA to identify significant relationships with the AGB and to select predictors (De 

Castilho et al., 2006; Paoli et al., 2008; Unger et al., 2012). The variables that we considered 

were pH, Ca2+, Mg2+, K+, TN, Pex, Al sat., aeration capacity, AWHC, field capacity, rooting 

depth, slope and stoniness. In order to compare soil nutrient storage among the different plots, 

we calculated the stocks of the soil nutrients Ca, Mg K and N within the solum (Horizons A 

and B) considering the nutrient concentrations and the bulk densities determined in the 

laboratory as well as the stoniness and the thickness of each horizon measured in the field.  

To determine if the average C stocks differed among geopedological land units, we 

computed one way ANOVA with post hoc Tukey tests when datasets met normal criteria. 

Otherwise we computed the parametric equivalent pairwise comparisons using Tukey and 

Kramer (Nemenyi) tests with Tukey-Dist approximation for independent samples Kruskal-

Wallis, using R (R Core Team, 2015). The effects were regarded as significant at P < 0.05. 

To determine the contribution of plant community attributes on AGB stocks, we assessed 

independently the effect of size (10-20, 20-30, 30-40, 40-50 and ≥50 cm dbh) and tree density 

to total AGB-C stock between geopedologic land units. We computed linear models with 

AGB-C as dependent variable. Then, we performed a stepwise multiple linear regression 

analysis between soil properties derived from the PCA and the tree structure attributes 

(density and size) that influenced the AGB. This analysis allowed us to evaluate whether or 

not these plant community attributes responded to soil properties.  

 

3. Results 

3.1 Site quality 

Several soil properties differed among geopedologic land units (Table 2). The fluvial terraces 

were characterized by the highest water storage capacity (field capacity and AWHC). In this 

unit, we found higher rooting depth as well as a higher K stock than in the other land units. 

The other units did not present significant differences with respect to these properties. Fluvial 

terraces had a high sand content that apparently improved soil drainage since no 
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reductomorphic features were observed in the soil profile. The low hills have rooting depth 

restrictions since they are moderately to deficiently aerated, when developed on clay stones 

(evidenced by redoximorphic features at medium depths observed in the field), or strongly 

acidic and with a large Al saturation in the cation exchange complex, when developed on 

sand stones (Table 2).  

The low hills were highly heterogeneous not only in terms of slope gradient (Table 

1). The soils at the steep slopes of the limestone mountains had a high surface stoniness 

(40%) (mean depth of 0.45 m), and were dominantly shallow and rocky, having a small 

AWHC and field capacity (Table 2). In the field, we observed that only in sinkholes of few 

square meters, where the rock dissolution had proceeded, soils reached up to 85 cm depth. 

 

Table 2. Mean and standard error (±SE) values of soil properties determined in soil profile 

samples (N=9), till the rooting depth of three geopedologic land units at the Lacandon forest. 

Means with the same superscript are not statistically different (ANOVA and Tukey poshoc< 

0.05) among geopedologic land units. 

Soil properties  
Fluvial terraces Low hills Limestone mountains 

Mean (SE) Mean (SE) Mean (SE) 

SOC (Mg C ha-1) 103.9a 30.0 132.0a 23.9 68.1a 14.3 

Total N (Mg N ha-1) 12.2a 3.0 4.8a 0.6 7.4a 2.0 

Extractable P (mg P kg-1) 9.2a 1.9 6.4a 3.3 9.9a 6.2 

Ca (mol m-2) 77.2a 27.7 14.5a 2.6 34.0a 7.9 

Mg (mol m-2) 34.9a 13.7 7.6a 0.5 11.4a 5.6 

K (mol m-2) 1.4b 0.2 0.5a 0.0 0.2a 0.0 

Field capacity (L m-2) 269.0b 29.2 59.7a 2.2 75.0a 43.2 

AWHC (L m-2) 161.4b 16.7 34.6a 3.9 32.3a 16.1 

Rooting depth (m) 1.34b 0.01 0.13a 0.02 0.45a 0.21 

Al saturation (%) 2.1b 2.1 22.6a 2.0 0.0b 0.0 

pH (water) 5.4b 0.4 4.1a 0.1 5.9b 0.2 

Clay (%) 24.3a 4.3 36.4ab 6.8 64.3b 8.5 

Sand (%) 27.4b 7.6 16.3ab 8.8 1.8a 0.4 

Stoniness (vol%) 0.00a 0.0 0.60a 0.3 67.50b 5.2 

AWHC: available water holding capacity  
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The PCA analysis indicated clear differences in site quality among the soils of the 

three geopedologic land units (Figure 2). The first axis of PCA (explaining 45.8% of the 

variance) separated the soils of the fluvial terraces, which have no site quality constrains (i.e. 

highest water and nutrient stocks), from those which have rooting depth constrains (Appendix 

A). The second axis (explaining 29.3% of the variance) separated the plots with shallow 

rooting depth as well as low AWHC due to large stone contents (at the limestone mountains) 

from those plots with poor drainage and chemical constrains indicated by acid pH and a high 

Al saturation (at low hills). 

 

Figure 2. Principal Component Analysis of soil properties among geopedological units. 

Squares represent Low hills; circles represent Limestone mountains and triangles represent 

Fluvial Terraces. The numbers 1 to 3 represent the plot number of each unit. Al Sat.= 
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aluminum saturation; AWHC= available water holding capacity; CEC= cation exchange 

capacity; TN= total nitrogen. 

3.2 Carbon stocks among geopedologic land units 

The total forest C stock (Mg C ha-1) was significantly larger in fluvial terraces (Table 3). This 

unit had also the largest AGB-C and BGB-C stocks among the three geopedologic land units. 

The AGB-C stocks in low hills and limestone mountains was of 59% and 42%, lower than 

those of the fluvial terraces, respectively. There were no significant differences in SOC stock 

in the solum and litter carbon stock (L-C) among geopedologic land units. The litter 

contributed < 0.2% to the total C stock in all land units. In fluvial terraces, SOC stock in the 

solum represented 22% of the total C stock, while in limestone mountains and low hills it 

represented 24% and 46%, respectively. Notably, SOC stock in low hills contributed 

significantly more (ANOVA test <0.05 with Tukey contrast) to the total C stock than in 

fluvial terraces and limestone mountains. 

 

Table 3. Carbon stocks (Mg C ha–1) of the main geopedologic land units of the Lacandon 

forest. Means (n=3 plots per land unit) with the same superscript are not statistically different 

(Nemenyi< 0.05) (CV: coefficient of variation. AGB-C: above ground carbon; BGB-C: 

below ground carbon; L-C: litter C stock; SOC: soil organic carbon in the solum). 

 

Geopedologic 

land unit 
  AGB-C BGB-C SOC L-C Sum  

Fluvial terraces Mean 301a 73a 104a 0.36a 478.1a 

Range 277-344 67-81 65-163 0.31-0.38 416-509 

CV (%) 12 11 39 11 11 
       

Low hills Mean 122b 33b 132a 0.39a 287b 

Range 109-130 29-34 98-178 0.19-0.57 238-342 

CV (%) 9 8.08 40 49 18 
       

Limestone 

mountains 

Mean 174b 45b 68a 0.4a 287b 

Range 141-223 37-55 45-94 0.35-0.46 295-343 

CV (%) 24 22 36 14 8 
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Although fluvial terraces had the largest total C stock, their relative contribution to C 

stock of this rainforest area (138.4 km2) was small, since this land unit only covered 2% of 

the whole study area (Figure 3). Low hills, which had a smaller total C stock, cover the largest 

proportion of the study area, namely 59%, followed by limestone mountains (26% of the 

surface). 

 

 

Figure 3. Forest carbon stocks (Mg C) at the Lacandon Rain Forest per hectare (A) and in 

total for each geopedologic land unit (B), FT= fluvial terraces; LH= Low hills; LM= 

limestone mountains. 

 

3.3 Site quality and AGB C stocks 

Most of the AGB-C was stored in large trees (ranging 50 cm to 186 cm dbh) (Figures 4 and 

5a). In fluvial terraces, this tree size contributed almost 75% of the AGB-C stock, and 37% 

and 50% in lower hills and limestone mountains, respectively. Through regression analysis 

we identified a strong positive relationship between AGB-C stocks and C stored in trees of 

>50 cm dbh (β= 0.97, R2= 0.991, p-value <0.001). In limestone mountains, the trees of 20-

30 cm dbh stored significantly more C than trees of the same size class in the fluvial terraces 

(Figure 5d). The C stock stored in all other dhb categories was not different among the land 

units (Figures 5b-e). Conversely, there was no significant difference in the tree densities in 
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all size classes of trees ≥ 30 cm (Figures 5f-h). Nevertheless, we found a significantly greater 

number of small trees (< 30 cm dbh) in these old growth forest plots, and particularly of 

stems of 10-20 cm, in low hills and limestone mountains in comparison to the fluvial terraces 

(Figures 5i-j). The AGB-C stock of this tree size category (10-20 cm) was negatively 

correlated with the total AGB-C stock (β -0.890; adjusted R2: 0.792, p-value 0.001). 

 

 

 

Figure 4. Contribution of the different tree 

diameter at breast height size classes to the 

AGB-C stock (Mg C ha-1) in each 

geopedologic land unit. Error bars indicate 

standard error. Black bars represent 

significant differences (P < 0.05). 
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Among the soil properties assessed in this study, rooting depth and soil extractable 

phosphorus were the most important explanatory variables influencing AGB-C stocks in the 

study area (adjusted R2: 0.92), particularly, rooting depth was strongly and positively 

associated with AGB-C stock (p value < 0.01). Additionally, regression analysis indicated 

that soil rooting depth had a strong significant positive relationship with bigger trees (> 50 

cm) (adjusted R2: 0.88, p value 0.01). Soil AWHC, field capacity, pH and nutrient stock (Ca, 

Mg, K) were excluded from the analysis since they showed collinearity. 

 

 

 

 

 

 

 

 

 

  

Figure 5. AGB-C stocks (Mg C ha-1) 

(left) and number of trees (right) 

within each tree diameter at breast 

height size class in the study area. 

FT= fluvial terraces; LH= Low hills; 

LM= limestone mountains. Error bars 

indicate standard error. Letters 

represent significant differences (P < 

0.05) between geopedological units. 
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3.4 Vertical distribution of SOC among geopedological units 

Figure 6 indicated that the first 20 cm of the soil depth accounted for almost 50% of solum 

SOC stock. However, the SOC vertical distribution varied across geopedologic land units. 

The decrease was gradual in low hills, where the first 30 cm accounted for 64% of the solum 

SOC stock. A similar pattern was found at limestone mountains. In contrast, in fluvial 

terraces, the SOC showed an irregular depth distribution, declining below 20 cm depth and 

then increasing again between 60 and 80 cm depth. 

 

Figure 6. Comparison of the vertical distribution of the soil organic carbon stock (Mg C ha-

1) between geopedologic land units. Weighted averages for each 10 cm of soil increment 

and standard error bars are shown. The relative contribution to the total SOC stock is given 

in percentage. 
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4. Discussion 

4.1 Site quality and C stocks at the Lacandon forest 

We evaluated forest C stocks in land units of contrasting site qualities determined mainly by 

their soil properties, landform and lithology attributes within a tropical rainforest with 

relatively homogeneous climatic conditions. The mean AGB-C stocks among geopedologic 

land units varied widely but in a range similar to the one reported in other studies of 

neotropical old growth forest forests (Berenguer et al., 2014; Delaney et al., 1997). However, 

we found differences in the forest C stock between geopedologic land units with contrasting 

site quality. Our results agree with Baraloto et al. (2011), who found contrasting patterns of 

AGB among forest habitat types, it would be expected that the AGB-C stock would change 

as a result of the changes in AGB due to the strong positive relationship between both 

variables (Brown, 1997). In earlier studies De Jong et al. (2000) and Balvanera et al. (2005) 

quantified AGB-C stocks in the same forest with very contrasting results. The range of AGB-

C stocks we determined in the fluvial terraces is consistent with the one reported by De Jong 

et al. (2000), while the one we found in low hills, is in line with the results of Balvanera et 

al. (2005). Therefore, the results of the previous studies diverge most probably because their 

sampling was conducted predominantly in different geopedological units, namely fluvial 

terraces and low hills, respectively. 

We hypothesized that the AGB-C and SOC stocks would differ among geopedologic 

land units. This was true only for AGB-C stock, which was significantly higher in fluvial 

terraces (Table 3). Contrary to our hypothesis, and although SOC concentrations differed 

markedly among land units (supplementary material), we did not find significant differences 

in SOC stock between land units. These results may be explained by the effect of soil volume 

(Olson and Al-Kaisi, 2015), and the variation in soil depth and stoniness (Table 2) in the 

three land units. Limestone mountains had shallow, stony soils with high SOC 

concentrations, while fluvial terraces and low hills had deeper soils with smaller SOC 

concentrations, so that the larger soil volume yields a higher SOC stock in these units. Lime-

rich soils are known for their high capacity to store SOC, since Ca2+ fosters the stabilization 

of aggregates and the formation of organo-mineral complexes, which in turn protect organic 

C from microbial degradation (Blanco-Canqui and Lal, 2004; Kalbitz et al., 2000). Soils of 

the low hills seem to have larger iron-oxide contents, evidenced by their red colors. The SOC 
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stabilization mechanisms were apparently different between these two soils -affected by clay 

content and Ca2+ in limestone mountains and by inhibition of microbial activity in low hills, 

which deserve to be studied in more detail in the future. 

 

4.2 Site quality effect on AGB-C variation between landscape units 

We found that AGB-C stock variation between geopedologic land units corresponded mainly 

to changes in the basal area and density of trees. These patterns have been extensively proven 

in old growth tropical forests (Berenguer et al., 2014; Kauffman et al., 2009; Lü et al., 2010; 

Slik et al., 2013). Our results are in agreement with previous studies that show that larger 

trees are responsible for storing the largest fraction of AGB, and therefore, a greater amount 

of C (Aldana et al., 2017; Baraloto et al., 2011; Berenguer et al., 2014; Slik et al., 2013). 

This was expected because the tropical rainforests tend to have large trees with high basal 

areas and therefore higher AGB (Baraloto et al., 2011; Slik et al., 2013). In this regard, 

Berenguer et al. (2015) suggested that sampling of stems ≥ 20 cm dbh without taxonomic 

identification can predict the AGB with a high confidence in a fast and cost-effective way. 

In the Lacandon rainforest, the stems ≥ 20 cm dbh accounted for 92, 87 and 92% of the AGB-

C stocks in fluvial terraces, low hills and limestone mountains, respectively. Particularly, the 

variation of AGB-C stocks is strongly affected by trees ≥ 50 cm dbh, which accounted for 

more than two thirds of this C stock in fluvial terraces but less than half in low hills. 

Therefore, the trees with smaller dbh contribute proportionally more to the AGB-C stock in 

low hills and limestone mountains since they accounted for more than half of the AGB-C in 

these landscape units. These results are in line with those by De Castilho et al. (2006), who 

indicated that it is difficult to establish causal relationships between AGB and topography 

because the latter is a composite variable that covaries and nest other abiotic variables and 

biotic interactions. Nevertheless, the mentioned authors found that AGB in slopes is 

concentrated mostly in trees of small size, while in flat areas, the AGB is determined by 

fewer but much bigger trees of a central Amazonian forest. 

The influence of environmental factors on AGB is highly dependent on the spatial 

scale of the assessment (Baraloto et al., 2011; Berenguer et al., 2014). In neotropical and 

pantropical forests, previous studies at the landscape scale have shown a significant effect of 

soil properties on the AGB (Baker et al., 2009; Laurance et al., 1999; Quesada et al., 2012; 
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Slik et al., 2013). As indicated above, our results suggest that this soil effect on the AGB can 

be manifested in the AGB-C amount. On the one hand, the changes in AGB-C in our area 

could be a direct consequence of soil extractable P and rooting depth affecting the variation 

of net primary production as reported previously by King et al. (1997). The positive role of 

soil P on AGB accumulation has been documented in other tropical rainforests, especially 

for bigger size trees (Paoli et al., 2008; Quesada et al., 2012). The lowest AGB-C amount 

was found in low hills, where the low pH values, as well as the high aluminum saturation 

may lead to P retention in insoluble forms for plants (Chapin et al., 2011). Similarly, the 

relationship found between soil thickness and AGB has been reported in other ecosystems 

(Belcher et al., 1995; Meyer et al., 2007). In our study area, the available climatic data (SMN-

CNA, 2010), show that evaporation exceeds precipitation during two months of the year, 

during which plants growing in the shallow soils of the limestone mountains probably suffer 

water stress (the average deficit is 55 mm by month). This may limit tree growth and, thus, 

AGB-C because plants may respond with a low stem size at sites with small AWHC (Chapin 

et al., 2011; Gregory, 2006; Quesada et al., 2012). Similarly, several features may limit the 

AGB-C accumulation in low hills, namely the high percentage of Al saturation in the ion 

exchange complex, the small availability of phosphorus and nutrients as Mg and K. These, 

in tandem with the acidic pH, reduce the growing length of the roots, limiting the plants 

ability to absorb water and nutrients (Gregory, 2006; Kidd and Proctor, 2001). 

On the other hand, the variation of AGB-C stocks among geopedologic land units can 

be an ecological response of tree community parameters to soil constraints (De Castilho et 

al., 2006), hindering plant development or stimulating in different degree the competition 

among plants. For example, in fluvial terraces we found more favorable conditions for plant 

development, as larger rooting depth, larger AWHC, slightly acidic pH with large base cation 

saturation in the ion exchange complex and favorable soil aeration conditions, that may allow 

a few competitive species to exclude other species (Huston, 1980; Peña-Claros et al., 2012) 

and to store large AGB-C stock. Likewise, in other type of forests (Meyer et al., 2007), a 

positive relationship has been found between soil depth and basal area. In contrast, in low 

hills and limestone mountains with several limitations for tree growth (large Al saturation in 

the exchange complex and small AWHC, respectively) we found a higher tree density of 

small size, which was negatively correlated with AGB-C stocks. 
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4.3 SOC contribution to forest C stock among geopedologic land units 

Previous studies in neotropical forest of the Amazon Basin (Berenguer et al., 2015) and 

Mexico (Hughes et al., 2000, 1999) have shown that the greatest amount of C is stored in the 

AGB of old growth forests, but also a large amount of C is stored as SOC. The profile SOC 

stock accounted for at least 50% of the forest C stock (Kauffman et al., 2009). Although we 

consider only the SOC of the solum, our results are in line with this statement in low hills. 

We expected that the SOC stock would differ among geopedologic land units, but stocks 

were not significantly different (Table 3). What did change between land units was the 

relative contribution of SOC to the total forest C stock, being larger in low hills (46%), than 

in fluvial terraces (22%), and evidencing the greater importance of acknowledging SOC 

stocks additional to AGB-C in land units having constraints for plant growth. 

Most of the SOC was stored in the first 20 cm which is consistent with results of 

Jobbágy and Jackson, (2000), who found that the first 20 cm of soil in tropical evergreen 

forests accounted for 44% of soil C stock to 100 cm depth. Yet, we found that if only the top 

30 cm is considered for assessing the SOC stock, the regional C stock is underestimated by 

28 to 45%. This can make an important difference in the regional C stocks assessment, since 

low hills contributed with more than a half and limestone mountains with almost a third to 

the regional C stock, because they cover larger portions of the land surface, compared to the 

fluvial terraces, which only contribute 5% of the regional C stock. Geopedologic mapping is 

therefore a low-cost strategy to improve regional C stocks assessments. 

 

5. Conclusions 

In the Lacandon tropical rainforest, ABG-C and SOC stocks are the biggest C stocks 

compared to litter and BGB-C stocks. Although we did not consider the wood density of tree 

species, which is an important predictive variable to assess the AGB (Chave et al., 2005), 

delineating geopedologic land units allowed us to identify significant relationships between 

AGB-C stocks and tree community attributes as well as soil properties. The assessment of 

AGB-C stocks by structural attributes of tropical forest has the advantage that the latter can 

easily be measured in the field by local communities or evaluated using remote sensing 

techniques (Poorter et al., 2015), but if the tree diameter or the number of trees are the only 

attributes used to assess C stocks, the forest C stock will be underestimated by 22 to 46%. 
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AGB of large trees (> 50 cm dbh) contributed 37 to 75% to AGB-C stocks. However, in 

limestone mountains trees with dbh of 20-50 cm contributed 41% to AGB, and in lower hills 

the same dbh size trees, contributed 50% to AGB. Therefore, if resources are scarce, 

sampling efforts to assess AGB-C stocks should concentrate on trees with dbh ≥ 20 cm to 

record ~ 90% of the AGB.  

At the landscape scale, C stock assessment can be further improved if ABG 

determinations are performed considering differences in site quality. Fluvial terraces had a 

much larger AGB-C stock than the other two land units, but covered a much smaller area. 

The forest C stock of the region can easily be overestimated since fluvial terraces are much 

more accessible than the other land units. A stratified sampling scheme based on 

geopedologic mapping taking into account the area and the soil constraints for tree growth 

within each major map unit is recommended, with consideration of SOC stock to maximum 

profile depth. 
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Appendix A. Loadings of the soil properties that determine the first two axes of the PCA. 

Significance levels are based on a Pearson's correlation between soil properties and PCA 

axes: * P < 0.05, ** P < 0.01, *** P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Soil properties 
All units 

Axis1 Axis2 

Rooting depth (dm) 0.884** -0.27ns 

SOC (Mg ha-1) 0.309ns 0.332ns 

TN (Mg ha-1) 0.788* -0.453ns 

Extractable P (mg kg-1) 0.029ns -0.485ns 

CEC (cmolc kg-1) -0.442ns -.857** 

Ca (mol m2) 0.814** -0.473ns 

Mg (mol m2) 0.841** -0.314ns 

K (mol m2) 0.967** 0.000ns 

Field Capacity (L m-2) 0.958** -0.168ns 

Available water holding capacity (L m-2) 0.978** -0.106ns 

Stoniness (vol%) -0.579ns -.705* 

Al saturation (%) -0.278ns .885** 

pH (water) 0.108ns -.975** 

Aeration capacity (vol%) -0.387ns -.826** 

Bulk density (kg dm-3) 0.777* 0.475ns 

Sand (%) 0.596ns 0.519ns 

Silt (%) 0.496ns -0.318ns 

Clay (%) -0.766* -0.194ns 

Cumulative percentage of explained variance (%) 45.76 75.03 
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Discusión general 

 

 

 

 

 

 

Matapalo (Ficus sp.) dentro de la Reserva de la Biósfera de Montes Azules.  
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4. Discusión general 

La discusión se divide en tres aspectos principales: primero analizo los factores abióticos que 

determinan la variación de calidad de sitio en la porción estudiada de la Selva Lacandona. 

Posteriormente abordo la forma en la que los factores bióticos responden a unidades del 

paisaje con calidad de sitio contrastante y el efecto que tienen ambos componentes (bióticos 

y abióticos) sobre la prestación de SE en el área de estudio. Finalmente analizo la efectividad 

del levantamiento geopedológico para la evaluación de los SE en bosques ambientalmente 

heterogéneos como lo es el BTP en la Selva Lacandona. 

 

4.1 Distribución de los componentes abióticos en la Selva Lacandona 

Desde la perspectiva de los componentes abióticos, la precipitación anual y su distribución 

temporal suelen ser los principales predictores de la diversidad arbórea neotropical (Clinebell 

II et al., 1995). Sin embargo, en el área de estudio, la comunidad arbórea se desarrolla bajo 

el mismo clima (Martínez-Ramos, 2006). En este contexto, en el primer capítulo se analizó 

la variación de la estructura geológica superficial, el relieve y el suelo en esta porción de la 

selva Lacandona, y demostró qué a escala de paisaje, existen diferencias de calidad de sitio 

asociadas a los atributos de estos componentes del paisaje, y que la comunidad arbórea 

responde a dichas diferencias. Estos resultados coinciden con aquellos estudios que reportan 

que estos componentes ambientales también afectan significativamente la estructura y 

composición arbórea a escala del paisaje en el bosque tropical (p. ej. Baldeck et al., 2012; 

Fayolle et al., 2012; García-Palacios et al., 2012, 2011; John et al., 2007; Quesada et al., 

2012). 

Existen otros factores importantes para la variación espacial de la diversidad arbórea 

-como la dispersión, especiación y migración (Bell, 2001; Gravel et al., 2006; Hubbel, 2005), 

la competencia (Ewel y Hiremath, 2005; Wright, 2002) o la presencia de herbívoros o/y 

patógenos (Condit, 2000)- que no fueron considerados en este estudio. Adicionalmente, las 

relaciones específicas entre un nutrimento/propiedad del suelo son difíciles de determinar ya 

que existen complejos efectos sinérgicos, especialmente en ambientes heterogéneos (Brown 

et al., 2013; Huston, 1980). Sin embargo, a partir del enfoque geopedológico se logró 

identificar que una parte de la variación espacial de la comunidad arbórea está relacionada 

con variación de las propiedades de los suelos. Una explicación 
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 puede estar asociada al efecto directo de las propiedades del suelo sobre la presencia de las 

especies arbóreas (Fig. 4, Cap. 1); este efecto ha sido reportado en otros BTP (John et al., 

2007; Paoli et al., 2006; Quesada et al., 2012; Sollins, 1998). De igual forma, puede ser efecto 

indirecto de la calidad de sitio sobre interacciones bióticas de la comunidad arbórea. Esto es, 

por una parte, en unidades con mayor calidad de sitio, como las terrazas fluviales, donde 

especies que son mejores competidoras pueden desplazar a otras (Huston, 1980; Levine and 

HilleRisLambers, 2009); esta puede ser una de las razones por las cuales los árboles de mayor 

diámetro fueron significativamente más grandes en las terrazas fluviales (unidad con mayor 

calidad de sitio) (Fig. 5a, Cap. III) a pesar de presentar la misma densidad en las tres unidades 

(Fig. 5f, Cap. III). Por otra parte, es probable que condiciones desfavorables de calidad de 

sitio y alta heterogeneidad de relieve no permitan que una especie domine. Al respecto, se ha 

demostrado que a baja calidad de sitio, las restricciones al desarrollo determinan que las 

especies coexistan por un periodo de tiempo más largo, lo cual genera una mayor densidad 

de individuos que además presentan menor tamaño (Huston, 1980), tal y como se encontró 

en el presente trabajo (Tabla 2, Cap. II; Fig. 5j, Cap. III). 

Entre las propiedades de los suelos que influyen en la estructura y composición de la 

comunidad arbórea están, por una parte, la profundidad de los suelos y la variación de los 

almacenes de nutrimentos y agua de los mismos, mayores en los suelos de origen aluvial y, 

por otra parte, los cambios significativos de pH y la alta saturación de aluminio, 

característicos de los suelos derivados de lutita y arenisca. Particularmente, estas propiedades 

(baja concentración de nutrientes, pH bajo y alta saturación de Al) representan las principales 

restricciones para la vegetación en otros BTP a nivel global (Kauffman et al., 1998; Sollins, 

1998). 

Los resultados indican que la variación de calidad de sitio está fuertemente asociada 

a la distribución espacial de los afloramientos de rocas y sedimentos distintos, los cuales 

conforman el material parental de los suelos en la región (Capítulo 1). El área de estudio 

presenta un ambiente morfogenético mixto, el cual es resultado de plegamientos y 

levantamientos de rocas sedimentarias de composición variable (García-Gil y Lugo-Hupb, 

1992; SGM, 1997). Estos cambios de composición determinan, entre otros aspectos, la 

presencia de carbonatos (i. e. sierra kárstica), la variación en la distribución del tamaño de 

partículas (e. g. mayor % de arena en terrazas fluviales) y la disponibilidad/retención de 
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ciertos elementos como el fósforo. Este resultado es consistente con lo reportado por Fayolle 

et al. (2012), quienes demostraron que cuando la variación del clima y los disturbios 

antrópicos son bajos, el material parental -y su efecto en el suelo resultante- determinan los 

patrones de distribución arbórea en bosques tropicales de África. El efecto del material 

parental sobre la calidad de sitio se debe a la fuerte correlación que tiene este componente 

sobre variables del suelo como el almacén de nutrimentos, el pH y la textura (Augusto et al., 

2017; Jenny, 1941). Por lo tanto, en el área de estudio, la variación espacial del material 

parental determina, además de la alternancia de interfluvios de pendiente variable con 

depresiones, también las variaciones en las propiedades de los suelos y en la calidad de sitio 

(Tabla 1, Cap. II; Fig. 1, Fig. 2 y Apéndice A, Cap. III). 

La variación del material parental encontrada se manifiesta a diferentes escalas 

espaciales a lo largo de las áreas tropicales. Por ejemplo, la variación del material parental y 

edad de los suelos en la cuenca del Amazonas (Quesada et al., 2011, 2010), o en la isla de 

Borneo (Cannon y Leighton, 2004) determinan múltiples gradientes de las propiedades de 

los suelos (textura; nutrientes, pH o Al) a los cuales la comunidad arbórea responde, ya sea 

en términos de diversidad (riqueza y composición) o en estructura (densidad y acumulación 

de biomasa) (Fortini et al., 2006; Laurance et al., 2010, 1999, Paoli et al., 2008, 2006). De 

igual forma existen otros BTP (e. g., algunas islas de la región de Asia meridional) en los 

cuales el material parental determina relativa homogeneidad en las propiedades de los suelos, 

y las condiciones de calidad de sitio (Jahn y Asio, 1998), sin embargo, incluso bajo tales 

condiciones, el relieve puede determinar variaciones en las propiedades de los suelos a los 

cuales se pueden asociar las características de la comunidad arbórea (Kubota et al., 1998).  

 

4.2 Calidad de sitio, comunidad arbórea y servicios ecosistémicos en la Selva Lacandona 

Se identificó que los cambios de la calidad de sitio tuvieron efecto sobre los factores bióticos 

(estructura y composición de la comunidad arbórea) en la porción estudiada de la Selva 

Lacandona. La distribución espacial de estos factores, a su vez, tuvo efectos sobre las 

variables de respuesta asociadas a los SE estudiados (variación de especies arbóreas con uso 

potencial en el Cap. II y almacenes de carbono en el Cap. III), sin embargo, las relaciones 

entre la calidad de sitio, la comunidad arbórea y los SE seleccionados a escala del paisaje 
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resultaron ser complejas, aunque de forma general se identificaron dos relaciones 

dominantes: 

La primera de estas relaciones indica que la riqueza de árboles en el área de estudio 

produce relativa redundancia en la provisión de los SE a escala del paisaje. En el Capítulo II, 

las ocho categorías de productos forestales fueron provistas en las tres unidades con calidad 

de sitio contrastante (Fig. 1D, cap. 2), no obstante, fueron provistas por distintas especies 

(Fig. 2, cap. 2). De igual forma, en el Capítulo III, se registraron diferencias en la 

composición de la comunidad arbórea entre los lomeríos y las laderas de la sierra kárstica. 

Sin embargo, el almacén de carbono de la biomasa aérea no presentó diferencia significativa 

(Tabla 3, Capítulo III). Estos resultados corresponden con la amplia literatura que reporta la 

fuerte relación positiva entre la diversidad y los servicios de los ecosistemas (Balvanera et 

al., 2006; Isbell et al., 2011; Kremen, 2005; Quijas et al., 2010). 

Más allá del efecto positivo que tiene la diversidad sobre los SE, los resultados del 

Capítulo II demuestran que el manejo orientado a los productos forestales debe considerar la 

identidad de las especies que suministran este SE de provisión y las unidades en las que se 

presentan. Por ejemplo, desde la perspectiva de los productos forestales no maderables, se 

encontró que la presencia de frutos comestibles es provista, entre otras, por el chicozapote 

(Manilkara zapota) en las laderas kársticas, mientras que en los lomeríos fue principalmente 

por el tamarindo silvestre (Dialium guianense) lo cual afecta el uso potencial y, teóricamente 

confiere un mayor potencial a las laderas kársticas desde la perspectiva de este producto 

forestal, es decir, las comunidades locales, podrían tener mayor interés en el chicozapote por 

tener un fruto con mayor valor comercial. No obstante, la susceptibilidad de los productos 

potenciales a ser aprovechados depende de aspectos sociales que no fueron abordados en esta 

tesis. 

La segunda relación general detectada fue que la variación de la calidad de sitio afecta 

de forma diferencial a las especies arbóreas. Este efecto se manifestó en tres aspectos. Por 

una parte, se encontraron especies exclusivas de ciertas unidades, como Tabernaemontana 

donnell-smithii y Trema micrantha en terrazas fluviales, Cupania dentata y Cordia bicolor 

en lomeríos bajos, o M. zapota en la sierra kárstica por mencionar algunas (apéndice Capítulo 

II). Al respecto, Gentry (1992), resaltó previamente que varias especies de plantas 

neotropicales son especialistas de hábitat. Por lo tanto, en acuerdo con lo indicado por Gravel 
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et al. (2006) y Tylianakis et al. (2008), la heterogeneidad espacial de calidad de sitio es un 

factor importante para la conducción de los patrones de diversidad en el área de estudio. Este 

efecto de la restricción de hábitat o variación de abundancia entre unidades ambientales 

también fue reportado para otras formas de crecimiento vegetal (lianas) por Ibarra-Manríquez 

y Martínez-Ramos (2002) en el área de estudio.  

Por otra parte, se identificó variación en la densidad de árboles entre las unidades. 

Especies presentes en las tres unidades, como D. guianense, Ampelocera hottlei y Vateirea 

lundellii (apéndice cap. II), mostraron claras diferencias en el número de individuos. Estos 

resultados coinciden con lo propuesto por Salinas-Melgoza (2002), quien indica que el 

arreglo espacial de las poblaciones arbóreas del área de estudio se encuentra influido, entre 

otras razones, por el nivel de variación de factores como el relieve y la calidad de suelo. 

Otro efecto identificado, fue que el tamaño de los árboles, expresado a través de la 

biomasa, parece ser una respuesta de la comunidad arbórea a la calidad de sitio. La cantidad 

total de biomasa fue significativamente mayor en las terrazas fluviales (Tabla 3, Cap. 3). Este 

resultado puede estar determinado, en parte, por factores evolutivos y ecológicos (Tscharntke 

et al., 2012), algunos de los cuales fueron abordados en la sección 4.1 de la presente tesis. 

No obstante, se identificó un efecto positivo del fósforo y la profundidad del suelo sobre la 

biomasa. El efecto de estas variables sobre el crecimiento arbóreo ha sido ampliamente 

demostrado en otros bosques tropicales (Paoli et al., 2008; Quesada et al., 2012). Sin 

embargo, estos resultados contrastan con lo reportado a otras escalas (regional; bioma) por 

Baraloto et al. (2011) y Lewis et al. (2013), quienes indican una relación negativa entre el 

área basal y la fertilidad de los suelos (fósforo y nitrógeno respectivamente). Las razones de 

este contraste pueden ser, por una parte, la variación de la escala de estudio, ya que los efectos 

del suelo sobre los cambios netos de biomasa son específicos del sitio y dependen de la 

longitud del gradiente del suelo considerado (van der Sande et al., 2017). Es decir, a escala 

del paisaje existen relaciones complejas entre las propiedades/nutrimentos de los suelos y la 

comunidad arbórea, es posible además que algunas de estas propiedades/nutrimentos actúen 

en sinergia con otros factores para el desarrollo vegetal. En consecuencia, mayor amplitud 

geográfica, suele incorporar factores que enmascaran el efecto del suelo, o son más 

importantes que éste, por ejemplo, el clima. Bajo este supuesto, al comparar el AGB de un 

bosque de amplia distribución latitudinal, la precipitación puede ser el principal predictor; si 
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ésta se relaciona negativamente con los nutrientes del suelo, es probable que se concluya que 

hay relación negativa entre el AGB y los nutrientes del suelo, aunque no sea así en realidad. 

En este caso, el clima enmascara el efecto que pudiera tener el suelo. Por otra parte, en varios 

estudios se analiza el papel de los suelos desde una perspectiva lineal, por ejemplo, el efecto 

de la concentración de nutrientes. Este enfoque no considera que, aunque exista la 

concentración necesaria de los nutrientes, se pueden presentar restricciones para el desarrollo, 

como la deficiencia de drenaje. Por esta razón, es probable que en algunos estudios realizados 

en el BTP se reporte una relación positiva entre el AGB y los suelos arenosos; en este caso, 

más que la presencia de nutrientes, resulta determinante la ausencia de restricciones en el 

suelo. Finalmente, un aspecto importante, particularmente en el trabajo de Baraloto et al. 

(2011), pudo ser la evaluación de la relación entre el fósforo y la densidad de la madera, 

aspecto que no fue incorporado en esta tesis y que sería relevante de considerar. 

Asociado a la variación de la biomasa entre las unidades, el enfoque presentado 

permitió identificar dos patrones por los cuales las especies contribuyen a la biomasa total de 

cada unidad. El primero es, que los árboles grandes contribuyen significativamente más a la 

biomasa de cada unidad (Figs. 4 y 5a, Cap. III). Esto es relevante puesto que < 20 % de las 

especies, llegaron a contribuir hasta con el 75 % de la biomasa de las unidades. Estos 

resultados corresponden con lo reportado por Balvanera et al. (2005) en el área de estudio. 

Un segundo patrón encontrado fue, que especies de menor diámetro, pero alta densidad de 

individuos, aportan significativamente mayor biomasa en las unidades (Figs. 5d y 5i, cap. 4). 

 

Pertinencia del enfoque geopedológico para la evaluación de los servicios ecosistémicos 

a escala del paisaje 

Con base en los resultados del presente estudio, se identificó que la provisión de los SE no 

es homogénea a través del paisaje (Fig. 4). En correspondencia con lo indicado por Lalibertél 

et al. (2009) y Tscharntke et al. (2012), a partir de la delimitación geopedológica se 

comprobó que la variación de calidad de sitio tiene un efecto significativo sobre los atributos 

de la diversidad arbórea (estructura y composición). En consecuencia, la variación de ambos 

componentes (calidad de sitio y comunidad arbórea), determinan a escala del paisaje, los SE 

en el área de estudio. 
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Los resultados de la estratificación del paisaje a partir del enfoque geopedológico 

corresponden con Clark y Clark (2000) y Laumonier et al. (2010) quienes indicaron la 

efectividad del muestreo estratificado -basado en relieve, geología y suelo- para la evaluación 

de la biomasa en bosques tropicales (tropical rainforest). Este enfoque permitió, además, 

contextualizar a escala del paisaje los SE en el área de estudio y una evaluación más precisa 

de éstos. Este punto fue expuesto en el Capítulo III, donde en la figura 3 se muestra que, a 

pesar de que por unidad de superficie (ha) el almacén de carbono es mayor en las terrazas 

fluviales, éstas cubren una menor superficie, por lo tanto, los lomeríos bajos representan el 

mayor almacén de carbono de esta selva. Se identificó también que la contribución del 

carbono orgánico del suelo, significativamente mayor en los lomeríos, representa ~ 45 % del 

almacén total de carbono de esta unidad. 

Se identificó que las unidades geopedológicas delimitadas al interior de la RBMA 

también se encuentran en los ejidos de Chajul y Loma Bonita (Fig. 1, cap. 2). En 

consecuencia, se espera que la calidad de sitio, -i. e. la variación en profundidad fisiológica, 

almacenes de agua y nutrimentos de los suelos, al igual que el pH y la saturación de aluminio 

de los mismos-, presente relativa similitud y tengan un potencial similar para soportar a la 

comunidad arbórea y esto derive en los SE que pueda generar. Sin embargo, el disturbio y la 

fragmentación modificarán la estructura y composición de la comunidad arbórea (Mouillot 

et al., 2013), por lo que será interesante evaluar los cambios en la provisión de los SE que 

ambos implican. 
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Figura 4. Calidad de sitio como reguladora en la cascada de generación de servicios de los 

ecosistemas en la Selva Lacandona en el área circundante a la Estación Chajul. A escala del 

paisaje, las unidades geopedológicas con calidad de sitio contrastante presentan variación en 

las características de la comunidad arbórea y, en consecuencia, en los servicios ecosistémicos 

resultantes. 

 

En relación a los modelos de evaluación de los SE a otras escalas (INVEST, etc.), los 

resultados indican que el levantamiento geopedológico representa una opción para generar 

los datos necesarios de forma altamente costo-efectiva (ya que al estratificar en unidades 

homogéneas se reduce el número de muestreos) y con el nivel de detalle adecuado para 

capturar los componentes del ecosistema a escala del paisaje. 
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En esta tesis, se analizó el potencial suministro de SE en la Selva Lacandona. Para 

dar el siguiente paso para el manejo orientado a los SE del área de estudio, es necesario 

realizar valoraciones, planes específicos para cada SE, etc., sin embargo, la delimitación 

geopedológica permite integrar también aspectos sociales y económicos (Zinck et al., 2016), 

lo cual ofrece una muy buena base para el manejo integral de este ecosistema. Un aspecto 

relevante a considerar en el futuro, puede ser, el efecto de la calidad de sitio sobre la 

resiliencia del ecosistema, es decir, la capacidad de soportar la diversidad arbórea a pesar del 

manejo o bajo diferentes escenarios de perturbación/disturbio. 

Otro aspecto que puede ser abordado desde este enfoque, es cómo los cambios en la 

distribución arbórea, pero sobre todo de las especies frutales, tienen un efecto sobre los 

patrones de distribución de la fauna. Por ejemplo, al asumir una relación positiva entre la 

producción de frutos y la distribución de primates (Stevenson, 2001; Stevenson et al., 1998), 

ya que la variación espacial de la comunidad arbórea en la Selva lacandona genera diferencias 

de calidad (tipo y cantidad de pulpa) y cantidad de los árboles frutales, es posible que la 

calidad de sitio tenga algún efecto sobre los patrones de distribución de las especies 

frugívoras y las interacciones ecológicas derivadas. 
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5. Conclusiones  

En la Selva Lacandona se presentan variaciones de calidad de sitio asociadas a la profundidad 

de los suelos y su capacidad de retención de agua disponible, así como al almacén de 

nutrimentos, el pH y la saturación de aluminio dentro de los mismos. Tales propiedades de 

los suelos responden, en gran medida, a variaciones del material parental. Ambos, 

propiedades de suelo y material parental, pueden ser anidados en unidades de terreno 

utilizando el enfoque geopedológico. 

Las unidades del terreno con calidad de sitio contrastante presentan diferencia en la 

riqueza y abundancia de especies arbóreas, así como en el tamaño (diámetro a la altura del 

pecho) de los individuos. Estos cambios de la comunidad arbórea se manifiestan en cambios 

en las variables que indican la prestación de los servicios ecosistémicos seleccionados a 

escala del paisaje. Particularmente, la variación de especies con potencial para generar 

productos forestales potenciales y la variación de los almacenes de carbono, ambos como 

indicadores de la intensidad a la que se suministran los servicios de provisión y regulación 

respectivamente. 

La Selva Lacandona es rica en ensamblajes de árboles que suministran productos 

forestales potenciales, dentro de los cuales, la disponibilidad y la diversidad de los mismos 

cambian a través del paisaje en relación a la calidad de sitio. 

Los principales almacenes de carbono al interior de la Selva Lacandona responden a 

la calidad de sitio. Las diferencias entre unidades de terreno se manifiestan principalmente 

en la biomasa aérea. El almacén de carbono del suelo llega a representar hasta el 46 % del 

total del bosque. 

Paisajes heterogéneos como la Selva Lacandona proveen múltiples servicios 

ecosistémicos de forma simultánea. Debido a que los componentes evaluados (suelo y 

comunidad arbórea) influyen significativamente en la generación de los servicios, el diseño 

de las prácticas de manejo de la selva lacandona debe considerar las propiedades de cada 

componente y su posible cambio a consecuencia del manejo. Es recomendable por lo tanto 

que el plan de manejo se diseñe considerando los atributos de las diferentes unidades de 

terreno. 
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