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RESUMEN

Los primates son particularmente sensibles a la pérdida y fragmentacion del habitat debido
a que presentan locomocion arborea, &ambitos hogarefios grandes y una gran proporcion de
frutas y hojas en su dietas. Para generar informacion adecuada para su conservacion, un
numero creciente de trabajos han estudiado los efectos de la pérdida y fragmentacion del
hébitat sobre el comportamiento y los niveles de estrés de primates. Sin embargo, la
mayoria de estos trabajos no consideran los efectos de los atributos del paisaje (e.g.,
cobertura forestal, densidad de borde, distancia media entre fragmentos) sobre estas
variables de respuesta, ni la escala espacial (i.e., tamafo del paisaje) en la que estos efectos
son mayores (conocido como la “escala del efecto”). Como consecuencia, nuestro
conocimiento sobre la respuesta de primates a la pérdida y fragmentacion del habitat es ain
muy limitado; particularmente en especies que consumen una alta cantidad de frutos y que
tienen grandes ambitos hogarefios, como el mono arafia (Ateles geoffroyi). Esta especie es
considerada una de las mas sensibles a la perdida y fragmentacion del habitat, pero hasta la
fecha se desconocen los atributos del paisaje que tienen un mayor impacto sobre su
comportamiento y niveles de estrés. En el presente estudio se evalud, considerando la
“escala del efecto”, el impacto de distintos atributos del paisaje sobre el patron diario de
actividades, la dieta, y los niveles de estrés (i.e., niveles glucocorticoides fecales [GCf]) de
seis grupos de monos arafia (Ateles geoffroyi) que habitan en la selva la selva Lacandona,
Chiapas. Ademas, se evalud el efecto de su patrén diario de actividades, dieta, disturbios
antropogeénicos directos (i.e., caza y tala) y densidad de alimento (suma de las areas basales
de especies de arboles frutales utilizadas por el mono arafia [SABEF]) sobre sus niveles de
estrés. Los resultados muestran que aungue la fuerza de las relaciones entre los atributos del
paisaje y las variables de respuesta vario entre escalas, el paisaje de 126 ha mostro las
relaciones mas fuertes, probablemente debido a la alta conectividad que presentaron estos
paisajes. El porcentaje de cobertura forestal fue la métrica del paisaje mas fuertemente
relacionada con el patrén diario de actividades y la dieta del mono arafia, siendo estas
relaciones positivas con el tiempo de viaje y el consumo de madera, y negativas con el
tiempo de descanso y el consumo de hojas. Estos hallazgos sugieren que la menor area de
forrajeo con la que cuentan los monos arafia en los paisajes con menor cobertura forestal,
provoca que estos animales disminuyan su tiempo de viaje invertido en el patrullaje y en la
busqueda de alimento, y por tanto, que descansen mas y aumenten el consumo de hojas
(recursos mas ampliamente distribuidos en el espacio que los frutos). Sin embargo,
contrario a lo esperado, el tiempo invertido en el consumo de fruta no se relaciono
positivamente con el porcentaje de cobertura forestal en el paisaje, probablemente como
consecuencia de las altas SABEFs en los paisajes con menor cobertura forestal. Respecto a
la respuesta de estrés del mono arafia, los niveles de GCf se relacionaron positivamente con
el tiempo de viaje y la ocurrencia de caza, y negativamente con el tiempo de descanso y el
consumo de fruta. Estas relaciones verifican que un mayor esfuerzo fisico, una reduccion
en el consumo de recursos ricos en energia (frutos), y la ocurrencia de disturbios
antropogeénicos directos, incrementan los niveles de estrés. Por su parte, la SABEF se
relaciond negativamente con los niveles de GCf, lo cual verifica que la escasez de alimento
incrementa los niveles de estrés. Sin embargo, contrario a expectativas teodricas, el
porcentaje de cobertura forestal en el paisaje se relaciond positivamente con los niveles de



GCf. Este resultado puede ser debido a que los monos arafia que habitaron en paisajes con
menor cobertura forestal realizaron un menor esfuerzo fisico (i.e., invirtieron menor tiempo
en el viaje y mayor en el descanso), sin reducir su consumo de fruta. En conjunto, los
resultados de la presente tesis indican que los monos arafia que habitan en paisajes con baja
cobertura forestal no siempre presentan mayores niveles de estrés que los que habitan en
paisajes con mayor cobertura forestal, y remarcan la importancia de conservar fragmentos
pequerfios con alta densidad de fruta para la conservacion de monos arafia que habitan en
paisajes fragmentados.



ABSTRACT

Primates are particularly vulnerable to habitat loss and fragmentation due to their large
home range sizes, and the great proportion of fruits and leaves in their diet. With the aim of
generating important information for their conservation, an increasing number of works
have studied the effects of habitat loss and fragmentation on the behavior and stress levels
of primates. However, most of these studies have not considered the effects of landscape
spatial attributes (e.g., forest cover, edge density, mean isolation distance between patches)
on primates, nor the landscape scale (i.e., landscape size) at which these effects are highest
(so-called “scale of effect”). As consequence, the knowledge about primates’ responses to
habitat loss and fragmentation is still limited; particularly in species that consumed a high
quantity of fruits and have large home range sizes, as the spider monkey (Ateles geoffroyi).
This species is considered one of the most sensitive to habitat loss and fragmentation, but to
date, the landscape attributes that have a greatest impact in their behavior and stress levels
are unknown. In the present study it was evaluated, considering the scale of effect, the
impact of different landscape spatial attributes on the daily activity pattern, diet and stress
levels (i.e., fecal glucocorticoids [fGC]) of six groups of spider monkeys (Ateles geoffroyi)
in the Lacandona rainforest, Chiapas. Also, it was evaluated the effects of their daily
activity pattern, diet, direct anthropogenic disturbance (i.e., logging and hunting), and food
density (i.e., sum of the basal areas of fruiting-tree species [SBAFS]) on their stress levels.
The results show that although the strength of the relationships between the landscape
spatial predictors and the response variables varied across spatial scales, the 126 ha
landscape size presented the strongest relationships, probably as a consequence of the high
connectivity that these landscapes presented. The percentage of forest cover was the main
driver of the daily activity pattern and diet of spider monkeys. This landscape attribute
showed positive relationships with time traveling and wood consumption, and negative
relationships with time resting and leaves consumption. These results suggest that the
lowest foraging area that have the spider monkeys in the landscapes with lowest forest
cover, causes that these animals decrease their travelling time spent in foraging and
patrolling their home ranges, and therefore, that they rest more and increase their time spent
feeding on leaves (resources more widely distributed in space than fruits). However,
contrary to the expected, the time spent feeding on fruit did not present a negative
relationship with the percentage of forest cover in the landscape, probably as consequence
of the high SBAFSs in the landscapes with lower forest cover. Regarding the spider
monkey’s stress response, the fGC levels showed positive relationships with time travelling
and the occurrence of hunting, and negative relationships with time resting and the time
spent feeding on fruit. These relationships support that an increase in physical effort, a
reduction in the consumption of high energy food stuffs (fruits), and the occurrence of
direct anthropogenic disturbances increase the stress levels. The SBAFS was negatively
associated with fGC levels, which supports that food scarcity increases stress levels.
However, contrary to theoretical expectations, the percentage of forest cover in the
landscape was positively associated with fGC levels, which could be supported by the low
physical effort that spider monkeys conducted in the landscapes with lower forest cover
(i.e., they invested lower time in travelling and higher in resting), without reducing their
time spent feeding on fruit. Overall the results of this thesis indicate that spider monkeys



that inhabit in landscapes with low forest cover not always present higher stress levels than
spider monkeys that inhabit in landscapes with higher forest cover, and emphasize the
importance of conserving small fragments with high density of fruit resources for the
conservation of spider monkeys that inhabit fragmented landscapes.



INTRODUCCION GENERAL

La pérdida y la fragmentacion del habitat

Con el incremento de las poblaciones humanas y la explotacion desmedida de recursos
naturales, mas de tres cuartas partes de la biosfera terrestre han sido transformadas a
paisajes fragmentados (Ellis, 2013; Hansen et al., 2013). Esta pérdida y fragmentacion del
habitat (i.e., rompimiento del habitat: Fahrig, 2003) ha modificado los tipos y proporciones
de las coberturas que componen los paisajes (i.e., composicion del paisaje), y el arreglo
espacial de éstas (i.e., configuracion del paisaje) (Dunning et al., 1992). Debido a que las
modificaciones en la composicion y configuracion del paisaje (i.e., estructura del paisaje)
pueden afectar la fisiologia (Brearley et al., 2012) y el comportamiento (Wolff et al., 1997)
de diversas especies de organismos, estos procesos son una fuerte amenaza para la
biodiversidad (Addicott et al., 1987; McGarigal y Cushman, 2002).

El porcentaje de cobertura forestal en el paisaje (i.e., medida de cantidad de habitat)
es la métrica del paisaje mas utilizada para evaluar los efectos de la composicion del paisaje
sobre las especies. En general, los efectos de esta métrica impactan de manera negativa a
las especies, y sus efectos son fuertes y suelen mantenerse constantes a través de diferentes
escalas espaciales (e.g., Kurki et al., 2000; Smith et al., 2011; Thornton et al., 2011a;
Wettstein y Schmid, 1999). No obstante, una serie de estudios sugieren que en regiones con
un porcentaje de cobertura forestal relativamente alto (ca. > 30%), especies con dietas
generalistas y/o que se alimentan preferente por plantas sucesionales pueden verse
favorecidas por la pérdida de cobertura forestal (e.g., Carrara et al., 2015; Klingbeil y
Willig, 2009; Pedlar et al., 1997). Por ejemplo, en la selva Lacandona, México, que
conserva aproximadamente el 40% de su cobertura forestal original, el porcentaje de
cobertura forestal en el paisaje se relaciona negativamente con la diversidad de especies de
aves especialistas, y positivamente con la diversidad de especies de aves generalistas
(Carrara et al., 2015). De forma similar, en la selva de Iquitos, Peru, que conserva mas del
40% de su cobertura forestal original, el porcentaje de cobertura forestal en el paisaje tiene
un efecto negativo sobre la abundancia de murciélagos que consumen altas cantidades de

flores y frutos de especies de arboles sucesionales (Klingbeil y Willig, 2009).



Dentro de los predictores mas utilizados para evaluar los efectos de la configuracion
del paisaje sobre las especies, se encuentran, el nimero de fragmentos, la distancia entre
fragmentos, y la densidad de borde forestal (i.e., largo del borde de todos los fragmentos
que componen un paisaje, dividido entre el tamafio del paisaje) (e.g., Carrara et al., 2015;
Garmendia et al., 2013). A diferencia de los efectos de la cobertura forestal, los efectos de
la configuracion del paisaje varian dependiendo del tamafio del paisaje analizado, siendo
mas fuertes en paisajes con baja cobertura forestal (< 20-30%: Fahrig, 2003; Jackson y
Fahrig, 2012; Smith et al., 2011; Virgos et al., 2001). Por ejemplo, en el bosque templado
de Ontario, Canada, la densidad de fragmentos afecta de manera negativa la diversidad de
especies de aves, y sus efectos se incrementan en los paisajes con menor cobertura forestal
(Smith et al., 2011). En las mesetas del centro de Espafia, en paisajes con < 20% de
cobertura forestal, la distancia del fragmento de estudio a los fragmentos grandes (> 10,000
ha), se relaciona negativamente con la abundancia del tejon europeo (Meles meles) (Virgos,
2001).

Al igual que los efectos de la cobertura forestal en el paisaje, los efectos de la
configuracion del paisaje pueden ser positivos o negativos dependiendo de la caracteristicas
de las especies de estudio (e.g., tipo de dieta, habilidad para deslazarse entre fragmentos)
(revision de Fahrig, 2003), y de la cantidad de cobertura forestal en el paisaje (e.g.,
Garmendia et al., 2013; Thornton et al., 2011a). Por ejemplo, mientras que en la selva
Lacandona la densidad de borde afecta positivamente el nimero de especies de mamiferos
medianos y grandes (Garmendia et al., 2013), en la selva de Petén que conserva apenas el
26% de su cobertura forestal, la densidad de borde afecta negativamente la presencia del
mismo grupo de especies (Thornton et al., 2011a). Esta diferencia puede explicarse si se
considera que mientras que en regiones con una alta cobertura forestal, una alta densidad de
borde podria incrementar la conectividad entre fragmentos (i.e., una mayor densidad de
borde implica que los fragmentos presentan formas mas irregulares), en regiones con baja
cobertura forestal una alta densidad de borde podria aumentar la probabilidad de que las
especies pasen mayor tiempo en ambientes de borde donde puede aumentar su exposicion a
la depredacion y a la caza (e.g., pastizales, campos de cultivo) (Woodroffe y Ginsberg,
1998). En este sentido, en la selva de Petén, la proporcion de fragmentos ocupados por

mamiferos medianos y grandes se relaciona negativamente con su vulnerabilidad a la caza



(Thornton et al., 2011b).

En paisajes con mayor densidad de borde y fragmentos méas pequefios se pueden
alterar las condiciones abidticas y bidticas cerca de los bordes de los fragmentos: cambios
en general conocidos como “efectos de borde” (Laurance et al., 2006). Entre estos cambios
cabe destacar el aumento en la mortalidad de arboles grandes en los bordes de los
fragmentos debido a e.g., el incremento en la velocidad del viento (Laurance et al., 1998) y
desecacion (Kapos, 1989). Puesto que el area basal de un arbol se relaciona positivamente
con su produccion de fruta (Stevenson et al., 1998), fragmentos pequefios y/o con formas
irregulares, por lo general presentan una baja calidad de habitat para especies frugivoras
(e.g., Arroyo-Rodriguez y Mandujano, 2006). Los efectos de borde pueden variar en
funcién de la cantidad de cobertura forestal en el paisaje (Hernandez-Ruedas et al., 2014).
Por ejemplo, mientras que en una region de la selva de los Tuxtlas, que mantiene
aproximadamente el 11% de su cobertura forestal original, el tamafio de los fragmentos se
relaciona positivamente con el area basal de los arboles (Arroyo-Rodriguez y Mandujano.,
2006), en la selva Lacandona, no se presenta esta relacion (Hernandez-Ruedas et al., 2014).
Se sugiere que los efectos de borde parecen ser menores en regiones con una cobertura
forestal relativamente alta, debido a que la cobertura forestal en el paisaje probablemente
atenta las variaciones abidticas que se presentan en los bordes de los fragmentos que matan
arboles grandes. Soportando esto, Mesquita et al. (1999) reportan que la mortalidad de
arboles grandes es mayor cuando la matriz del habitat se compone por pastos para ganado,

que cuando se compone por arboles de rebrote.

Finalmente, una serie de estudios indican que la escala (i.e., tamafo del paisaje) en la
que los atributos de la configuracion y composicion del paisaje (i.e., estructura del paisaje)
presentan sus mayores efectos sobre las especies (escala del efecto: sensu Jackson y Fahrig,
2015) varia en funcion del grupo taxonomico al que pertenece la especie de estudio
(Jackson y Fahrig, 2015), y de su uso del espacio (e.g., tamafio de su ambito hogarefio,
distancia media de dispersion) (Jackson y Fahrig, 2012, 2015). Por ejemplo, en un trabajo
de revision, Jackson y Fahrig (2015) reportan que los tamafios de los paisajes en los que se
presenta la escala del efecto son mayores para mamiferos que para anfibios, y los mismos

autores reportan en un trabajo en el que utilizaron modelos de simulacion, que las



probabilidades de encontrar la escala del efecto son altas en tamarios de paisajes que midan
de 4 a 9 veces la distancia media de dispersion de la especie de estudio (Jackson y Fahrig,
2012). Debido a que el uso del espacio esta en funcion de la cantidad de habitat que
necesita cada especie para cubrir sus requerimientos energéticos (Harvey y Clutton-Brock,
1981), estos resultados son razonables. Estos trabajos son de relevancia, ya que dan un
marco tedrico para la seleccion de escalas en las que se deben de evaluar los efectos de la
estructura del paisaje sobre las especies (Jackson y Fahrig, 2015). Esto es importante,
debido a que si la seleccion de escalas se realiza sin un sustento biologico, se puede llegar a
conclusiones erroneas debido al uso de escalas espaciales incorrectas (Jackson y Fahrig,
2015).

En resumen, se puede concluir que los efectos de la péerdida y la fragmentacion del
habitat sobre las especies no son faciles de predecir. Estos efectos varian en funcion de: (1)
la cantidad de habitat en la regién (e.g., Fahrig, 2003); (2) las caracteristicas de las especies
de estudio (e.g., tipo de dieta) (e.g., Carrara et al., 2015); y (3) el tamafio del paisaje en el

que se analizan estos efectos (e.g., Smith et al., 2011).

Efecto de la pérdida y fragmentacion del habitat sobre el patron diario de actividades

y la dieta de primates

Debido a que los primates se distribuyen en regiones que presentan altos indices de
deforestacion (Estrada et al., 2012), y diversas especies presentan caracteristicas como
locomocion arbdrea, ambitos hogarefios grandes y gran proporcion de frutas y hojas en sus
dietas, estos taxa son muy sensibles a la pérdida y fragmentacion del bosque (Boyle y
Smith, 2010a; Chaves et al., 2012; Michalski y Peres, 2005). Se estima que cerca de la
mitad de las especies de primates se encuentran en peligro de extincion (Mittermeier et al.,
2012). Analizar las relaciones entre los atributos de la configuracion y composicion del
paisaje con el patron diario de actividades y la dieta de primates, es una herramienta Util
para identificar qué atributos del paisaje pueden tener mayor repercusion sobre la

supervivencia de primates que habitan en paisajes fragmentados.

La pérdida y la fragmentacion del habitat pueden afectar la disponibilidad de recursos



alimenticios para los primates, como consecuencia de la pérdida de habitat (Arroyo-
Rodriguez y Mandujano, 2006; Dunn et al., 2009; Rivera y Calmé, 2006) y probablemente
el efecto de borde que incrementa la mortalidad de arboles grandes (Laurance et al., 2000)
que producen altas cantidades de alimento (Stevenson et al., 1998). Dentro de las
estrategias conductuales utilizadas por los primates para encarar la escasez de alimento
provocada por la pérdida y fragmentacion del habitat, se sabe que estos: (1) ajustan su
patron diario de actividades (e.g., Chaves et al., 2011a; Dunn et al., 2009, 2010); (2)
aumentan el consumo de frutas inmaduras y hojas (Asensio et al., 2007; Chaves et al.,
2011a; Onderdonk y Chapman, 2000); (3) diversifican sus dietas (Onderdonk y Chapman,
2000; Rivera 'y Calmé, 2006; Silver y Marsh, 2003); (4) intensifican el uso de las especies
de arboles disponibles (Boyle et al., 2012) como aquellas que son resistentes a la quema
(Chaves et al., 2012; Gonzalez-Zamora et al., 2014); y (5) consumen recursos localizados
fuera de los fragmentos (e.g., arboles aislados, cercas vivas, plantaciones de mango
[Mangifera indica]) (Asensio et al., 2009; Estrada et al., 2012).

Diversos estudios coinciden en que en fragmentos pequefios y con baja disponibilidad
de recursos, los primates modifican su patron diario de actividades y dieta para cubrir sus
requerimientos energéticos y optimizar su gasto de energia (e.g., Boyle y Smith, 2010b;
Boyle et al., 2012; Chaves et al., 2012; Dunn et al., 2009). Por ejemplo, en un estudio en el
que compararon entre dos fragmentos de diferentes caracteristicas el esfuerzo alimenticio
(i.e., tiempo dedicado a la alimentacion y al viaje entre el tiempo dedicado al descanso
[Cavigelli, 1999]) realizado por monos aulladores (Alouatta palliata), los autores reportan
que el esfuerzo alimenticio es mayor en el fragmento de menor tamafio y con menor
disponibilidad de alimento, y que éste se relaciona negativamente con el consumo de fruta
y positivamente con el consumo de hojas (Dunn et al., 2010). Debido a que en comparacion
con las frutas, las hojas son un recurso bajo en energia (Felton et al., 2009), estos resultados
sugieren que ante una menor disponibilidad de recursos ricos en energia, los primates
incrementan su esfuerzo alimenticio para cubrir sus requerimientos energéticos. En la
misma linea, en fragmentos pequefios los monos saki barbudos (Chiropotes satanas
chiropotes) parecen optimizar su gasto energético viajando menos y descansando mas
(Boyle y Smith, 2010b), como posible consecuencia del alto costo energético que implica el

viaje (Chapman y Chapman, 2000).



Es importante mencionar que si bien la disponibilidad de recursos alimenticios para
primates tiende a ser menor en fragmentos pequefios (e.g., Boyle et al., 2012; Dunn et al.,
2009), la fragmentacion del habitat no es un proceso selectivo. La fragmentacion puede
resultar en fragmentos pequefios con alta cantidad de fruta, en los cuales primates altamente
frugivoros podrian cubrir sus requerimientos energéticos sin realizar un gran esfuerzo
fisico. Soportando esto, una serie de estudios indican que diversas especies de primates
pasan la mayor parte de su tiempo en areas significativamente menores a la mitad de su
ambito hogarefio, las cuales presentan alta disponibilidad de recursos alimenticios (i.e.,
areas nucleo) (e.g., Pan troglodytes schweinfurthii: Emery Thompson et al., 2007;
Microcebus murinus: Radespiel et al., 2003). Por otra parte, en paisajes conformados por
fragmentos con una alta calidad de habitat (i.e., alta disponibilidad de recursos
alimenticios), y con matrices que contienen elementos utilizados por los primates para su
alimentacion (e.g., plantaciones de mango [Mangifera indica] y de cacao [Theobroma
cacao]: Estrada et al., 2012; cercas vivas conformadas por especies de arboles comestibles:
Asensio et al., 2009), los primates tienen acceso tanto a los recursos contenidos dentro de
los fragmentos, como a los localizados en la matriz del habitat (Asensio et al., 2009;
Estrada et al., 2012). Por tanto, aunque de manera general los estudios indican que en
fragmentos pequefios los primates desarrollan estrategias conductuales para encarar la
escasez de alimento (Boyle et al., 2010b, 2012; Chaves et al., 2011a, 2012; Dunn et al.,
2009, 2010), es importante considerar que en fragmentos pequefios con una alta calidad de
habitat y/o altamente conectados con otros fragmentos y/o ubicados en paisajes con
matrices que contienen recursos alimenticios, las modificaciones del comportamiento
también podrian indicar que los primates estan realizando un menor esfuerzo alimenticio

para cubrir sus requerimientos energéticos.

Desafortunadamente, el conocimiento sobre los efectos de la pérdida y fragmentacion
del habitat sobre el patron diario de actividades y la dieta de primates es ain muy limitado.
Los trabajos realizados se han limitado a comparar las variables de respuesta entre sitios
perturbados y conservados (Arroyo-Rodriguez et al., 2013). Para evaluar de manera
objetiva los efectos de la pérdida y fragmentacion del habitat sobre el comportamiento de
los primates (o cualquier especie), primero se tienen que caracterizar los efectos de estos

procesos sobre la estructura del paisaje, para posteriormente evaluar mediante analisis
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multi-escalares los efectos de los atributos de los paisajes sobre el comportamiento de los
primates. Esto permitira establecer relaciones causales entre los atributos de la estructura
del paisajes y el comportamiento de los primates (Arroyo-Rodriguez et al., 2013), asi como
la identificacion de las escalas en las que estos atributos presentan sus mayores efectos

(“escala del efecto” Jackson y Fahrig, 2015).

Predictores proximales y distales de la respuesta de estrés de primates que habitan

paisajes fragmentados

Aunque el estudio del patron diario de actividades y la dieta de primates en paisajes
fragmentados permite identificar las distintas estrategias conductuales utilizadas por los
primates para contrarrestar los efectos adversos de la pérdida y fragmentacion del habitat, la
alteracion del comportamiento no siempre es un buen indicador de la adecuacion
(Cavigelli, 1999). Sin embargo, mediante la medicion de hormonas indicadoras de los
niveles de estrés (e.g., glucocorticoides) en muestras como excretas, se pueden identificar
los factores que podrian disminuir la adecuacion de primates en paisajes fragmentados, sin
utilizar métodos invasivos que alteran su comportamiento, y/o los ponen en peligro (e.g.,
efectos de anestesia sobre ritmo cardiaco) (Foerster y Monfort, 2010; Muller y Wrangham,
2004). El estrés es una respuesta adaptativa que se presenta cuando el sistema nervioso
periférico aferente percibe uno o diversos factores que pueden alterar la homeostasis del
organismo (i.e., estresores) (Abbott et al., 2003; Foerster y Monfort 2010; Sapolsky et al.,
2000). Durante la primera fase de esta respuesta, el SNC activa la médula adrenal para
secretar catecolaminas al torrente sanguineo, y en cuestion de segundos, obtener energia del
catabolismo de diversos metabolitos para aumentar el estado de alerta, concentracion, y
agudizar los sentidos (Sapolsky et al., 2000; Stratakis y Chorousos, 1995). Por su parte, en
la segunda fase de esta respuesta, el eje hipotalamo-hipofisis-corteza adrenal (HHA)
(previamente activado por el SNC) libera la hormona liberadora de corticotropina (CRH,
por sus siglas en ingles) para estimular la hipofisis anterior y secretar la hormona
adrenocorticotrépica (ACTH, por sus siglas en ingles) al torrente sanguineo. Una vez en el
torrente sanguineo, la ACTH activa la corteza adrenal e induce la secrecion de

glucocorticoides como el cortisol y la corticosterona. Finalmente, los glucocorticoides son
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transportados por medio de la sangre al higado para inducir gluconeogénesis, y movilizar
reservas energéticas para encarar los efectos adversos producidos por los estresores
(Sapolsky 1993; Stratakis y Chorousos, 1995). Aungue el estrés es una respuesta
adaptativa, si el estresor se presenta durante un tiempo prolongado (e.g., escasez de
alimento, enfermedad), la gluconeogénesis podria provocar el consumo de energia
potencialmente utilizable para el mantenimiento y la reproduccion del organismo
(Sapolsky, 2002), y por tanto, una disminucion en su adecuacion (Busch y Hayward, 2009;
Sanderson et al., 2015).

De manera general, los factores que repercuten sobre los niveles de estres de los
primates que habitan en paisajes fragmentados pueden clasificarse en predictores
proximales y distales. Los predictores proximales son aquellos que tienen un efecto directo
sobre los niveles de estrés, como el esfuerzo fisico, el consumo frecuente de alimentos
bajos en energia, o la temperatura ambiental (Cavigelli et al., 1999; Dunn et al., 2013). Por
otra lado, los predictores distales son aquellos que afectan la duracién e intensidad de los
comportamientos que se asocian de manera directa con los niveles de estrés, i.e., que

influyen sobre los predictores proximales (Fig. 1).

En general, los estudios coinciden en que primates que habitan fragmentos pequefios
presentan niveles mas elevados de glucocorticoides, como consecuencia de la baja
disponibilidad de alimento (i.e., predictor distal) que suelen presentar estos sitios (e.g.,
Piliocolobus tephrosceles: Chapman et al., 2006; Alouatta palliata: Dunn et al., 2013). Esto
ha sido sustentado por estudios que han relacionado niveles altos de glucocorticoides con
una menor disponibilidad de alimento, y un mayor esfuerzo fisico y alimenticio (e.g.,
Lemur catta: Cavigelli, 1999; A. palliata: Dunn et al., 2013; Cercopithecus mitis: Foerster
etal, 2012) (Fig. 1). Por ejemplo, Dunn et al. (2013) reportan que el tiempo invertido en el
viaje (i.e., predictor proximal) se relaciona positivamente con los niveles de
glucocorticoides del mono aullador (A. palliata), y que este tiempo aumenta en periodos en
los que la disponibilidad de fruta (i.e., predictor distal) es menor. Esto sugiere, que ante la
escasez de fruta, los monos aulladores realizan un mayor esfuerzo fisico para encontrar y
consumir este item rico en energia (Dunn et al., 2013). En la misma linea, Foerster et al.

(2012) reportan que los monos azules (C. mitis) incrementan sus niveles de
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glucocorticoides cuando aumentan su tiempo de alimentacion, pero disminuyen su tiempo
dedicado al consumo de sus items alimenticios preferidos (e.g., hojas jovenes y frutas) (i.e.,
predictores proximales). Esto indica que ante la escasez de alimento, los monos azules

realizan un mayor esfuerzo alimenticio (Foerster et al., 2012).

Desafortunadamente, debido a que la mayoria de los estudios que han evaluado los
efectos de la pérdida y fragmentacion del habitat sobre los niveles de glucocorticoides de
primates no han considerado el efecto de la configuracion y composicion del paisaje sobre
sus niveles de estrés, nuestro conocimiento sobre los factores que incrementan los niveles
de estrés de primates que habitan en paisajes fragmentados es ain muy limitado. La
mayoria de los estudios se han limitado a comparar los niveles de glucocorticoides de
primates entre sitios perturbados y conservados (e.g., Chapman et al., 2006; Dunn et al.,
2013; Gomez-Espinosa et al., 2014; Jaimez et al., 2012; Martinez-Mota et al., 2007;
Rangel-Negrin et al., 2009). Por tanto, para incrementar el conocimiento necesario para la
realizacion de planes de manejo y conservacion de primates que habitan en paisajes
fragmentados, es importante realizar estudios multi-escalares que identifiquen cuales
atributos de la estructura del paisaje presentan mayor efecto sobre los niveles de estrés de

primates, y las escalas del paisaje en las que estos efectos son mayores.

Otros factores que pueden incrementar los niveles de estrés de primates que habitan
paisajes fragmentados son los disturbios antropogénicos directos. Los disturbios
antropogeénicos directos son actividades como la caza o la tala que pueden amenazar de
manera directa la supervivencia de primates, 0 que incrementan su estado de alerta. Aunque
los estudios que han evaluado los efectos de los disturbios antropogénicos directos sobre
los niveles de estrés de primates son escasos, estos sugieren que sus efectos varian entre
especies y sitios (Aguilar-Melo et al. 2013; Behie et al., 2010; Rimbach et al., 2013 [ Fig.
1]). Por ejemplo, Rimbach et al. (2013) reportan que la ocurrencia de tala y caza incrementa
los niveles de glucocorticoides del mono arafa café (Ateles hybridus), pero no los del mono
aullador rojo (Alouatta seniculus), lo cual se puede explicar, si se considera que el mono
arafa es una especie mas sensible a la deforestacion que el mono aullador (Boyle y Smith,
2010; Mittermeier et al., 2012). En la misma linea, a diferencia de Behie et al. (2010),

Aguilar-Melo et al. (2013) reportan que la presencia de turistas no afecta los niveles de
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glucocorticoides del mono aullador (A. palliata), como posible consecuencia de que en su

region de estudio los monos aulladores estan habituados a la presencia humana.

Fig. 1. Esquema que ejemplifica el efecto y la relacion de los principales predictores proximales y distales de
los niveles de glucocorticoides de primates que habitan paisajes fragmentados. Los cuadros de color verde
representan las causas distales de origen biético, y los cuadros de color hueso las causas distales de origen
abidtico. + Aumento de los valores de la variable medida, - decremento de los valores de la variable medida.
A = adulto, H = hembra, HE = hembra embarazada.

Finalmente, debido a que los glucocorticoides son moléculas que responden ante
diversos factores independientes a la pérdida y fragmentacion del habitat, y a los disturbios
antropogeénicos directos (e.g., estado reproductivo: Cavigelli, 1999; nivel jerarquico:
Foerster y Monfort, 2010; sexo: Meyer y Bowman, 1972 [Cuadro 1y Fig. 1]), para
identificar de manera adecuada los predictores proximales y distales de la respuesta de
estrés de primates que habitan en paisajes fragmentados, es importante controlar el mayor
numero posible de estos factores en los analisis estadisticos (e.g., modelos lineales,
modelos lineales mixtos). De lo contrario, los resultados obtenidos podrian mostrar un

sesgo debido a un factor no analizado, que podria presentar un fuerte efecto sobre los
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niveles de glucocorticoides.

Cuadro 1. Principales factores distintos a los provocados por la pérdida y fragmentacién del habitat que
influyen sobre los niveles de glucocorticoides de primates.

Factor Efecto Causa Referencia
Edad A>] Riesgos ecoldgicos y Macaca mulatta: Gust et al., 2000
sociales* Pan troglodytes schweinfurthii: Seraphin
et al., 2008
Sexo H>M Riesgo de lesion durante Macaca mulatta: Meyer y Bowman,
encuentros agonisticos* 1972
Alouatta palliata: Aguilar-Cucurachi et
al., 2010
Embarazo HE > HNE Incremento de la producciéon de  Lemur catta: Cavigelli, 1999
la CRH en la placenta Papio cynocephalus: Gesquiere et al.,
2008
Jerarquia B>A Depende de la estabilidad social ~ Cercopithecus mitis albogularis:
y de los costos metabdlicos de Foerster y Monfort, 2010
A>B ser dominante Lemur catta: Cavigelli, 1999
Hora del dia M>T Pico adrenal que se presenta Pan troglodytes: Murray et al., 2013
antes de la fase activa Callithrix jacchus: Raminelli et al., 2001

*Hipotesis mencionadas en los trabajos que no se han comprobado.
A = adulto; J = juvenil; H = hembra; M = macho; HE = embarazada; HNE = hembra no embarazada; CRH =
hormona liberadora de corticotropina; B = jerarquia baja; A = jerarquia alta; M = mafiana; T = tarde.

Efectos de la pérdida y fragmentacion del habitat sobre el patron diario de

actividades, la dieta y la respuesta de estrés del mono arafia (Ateles geoffroyi)

El mono arafia (Ateles geoffroyi) es una especie que habita preferentemente el estrato
superior del dosel de los bosques del Neotrdpico. Su dieta se compone principalmente por
frutas (67+16.3%) y hojas (21+12%) (Gonzalez-Zamora et al., 2009), presenta &mbitos
hogarefios amplios pero muy variables (e.g., 30 — 304 ha; Chaves et al., 2011; Asensio et
al., 2012), y una organizacion social de fision-fusion que se caracteriza porque individuos
del mismo grupo se separan y juntan en subgrupos de diferente composicion, para reducir

la competencia intragrupal y patrullar sus &mbitos hogarefios (Aureli y Schaffner, 2008).

Debido a que el mono arafia consume fruta de diversas especies de arboles, y defeca
un alto porcentaje de semillas en sitos distantes a los arboles parentales (e.g., rango: 443-

1250 m; Link y Di Fiore, 2006), es una especie importante para el mantenimiento de la
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diversidad vegetal de las selvas del Neotrépico (Gonzalez-Zamora et al., 2014; Link y Di
Fiore, 2006). Desafortunadamente, como consecuencia de su alta dependencia a la fruta 'y
grandes ambitos hogarefios, el mono arafia es altamente sensible a la pérdida y
fragmentacion del habitat (Boyle y Smith, 2010a; Michlaski y Peres, 2005; Mittermeier et
al., 2012). Actualmente la IUCN reporta al mono arafia (género Ateles) como en peligro de

extincion (Cuaron et al., 2013).

Al igual que otras especies de primates, los monos arafia parecen ajustar su patron
diario de actividades y dieta para encarar los efectos provocados por la pérdida y
fragmentacion del habitat sobre la disponibilidad de alimento (Chaves et al., 2011, 2012;
Gonzalez-Zamora et al., 2009, 2011). Por ejemplo, en revisiones que se han realizado sobre
el patrén diario de actividades y la dieta de A. geoffroyi en toda su area de distribucion
(Gonzalez-Zamora et al., 2009, 2011), los autores reportan que los monos arafia que habitan
en fragmentos invierten menor tiempo en el descanso y mayor en el consumo de hojas, que
los monos arafia que habitan en selvas continuas. Esto es consistente con lo reportado para
otras especies de primates (e.g., C. satanas: Boyle y Smith, 2010b), y sugiere que ante la
menor disponibilidad de alimento que suele presentarse en fragmentos, los monos arafia
realizan un mayor esfuerzo alimenticio para cubrir su requerimientos energeticos
(Gonzalez-Zamora et al., 2009). Sin embargo, debido a que los trabajos que han analizado
los efectos de la pérdida y fragmentacion del habitat sobre el comportamiento del mono
arafa, inicamente han analizado la variacion de su patron diario de actividades y dieta
entre dos condiciones (i.e., fragmentos y selva continua: Chaves et al., 2011, 2012;
Gonzalez-Zamora et al., 2009, 2011), se desconoce de qué manera la estructura del paisaje

puede influir sobre el comportamiento de este primate en paisajes fragmentados.

Los estudios que han analizado la respuesta de estrés del mono arafia en paisajes
fragmentados muestran resultados opuestos (Rangel-Negrin et al., 2009; Rimbach et al.,
2013; Rimbach et al., 2014). Por ejemplo, mientras que Rangel-Negrin et al. (2009)
reportan que los monos arafia (A. geoffroyi) presentan niveles mas elevados de
glucocorticoides en fragmentos que en selva continua (i.e., areas >30,000 ha), Rimbach et
al. (2013) reportan que el tamario del fragmento no es un buen predictor de los niveles de

glucocorticoides del monos arafia (A. hybridus). La falta de concordancia entre los
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resultados reportados en estos estudios, puede deberse a que la region de estudio de Rangel-
Negrin et al. (2009) corresponde a un bosque tropical seco, mientras que la region de
estudio de Rimbach et al. (2013) a un bosque tropical himedo, lo que sugiere que la
produccion de fruta en los fragmentados estudiados por Rimbach et al. (2013) es mayor, y
por tanto, que los monos arafia en su region de estudio presentan un menor estrés de tipo
alimenticio. Estos resultados remarcan la importancia de considerar en los analisis
estadisticos predictores que sean indicadores de la cantidad de alimento, ya que si bien, un
fragmento pequerio tiene menor cantidad de habitat, estos pueden presentar una alta
densidad de recursos alimenticios (e.g., arboles con areas basales grandes: Hernandez-
Ruedas, 2014). Desafortunadamente, debido a que ningun estudio ha evaluado en diferentes
sitios, el efecto de la disponibilidad de alimento y de los atributos de la estructura paisaje
sobre los niveles de estrés del mono arafia, el conocimiento necesario para la realizacion de
planes eficaces de conservacion de monos arafia que habitan paisajes fragmentados es

sumamente limitado.

En cuanto a los disturbios antropogeénicos directos, Rimbach et al., (2013) reportan
que en fragmentos donde hay actividades de caza y tala, el mono arafia (A. hybridus)
presenta niveles de glucocorticoides mas elevados. Esto es 10gico si se considera que el
mono arafia es una especie altamente sensible a la deforestacion y a la caza, como
consecuencia de sus altos requerimientos energéticos, gran tamario corporal y habitos
diurnos (Boyle y Smith, 2010a; Mittermeier et al., 2012; Peres, 2000).

La selva Lacandona, uno de los altimos refugios del mono arafia de manos negras

(Ateles geoffroyi)

El &rea mexicana de la selva Lacandona es la region de selva alta perennifolia mas extensa
y con mayor biodiversidad de México (Medellin, 1994; Myers et al., 2000). El clima de
esta region es calido y hiumedo, y presenta una temperatura y precipitacion media anual de
24 °Cy 2,875 mm, respectivamente. Desafortunadamente, como resultado de la
deforestacion provocada por las poblaciones humanas que se empezaron a asentar en esta

region en los afios 1970s (Aguilar y Mora, 1992), el area mexicana de la selva Lacandona
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ha perdido cerca del 50% de su cobertura forestal original (Couturier et al., 2012; De Jong
et al., 2000). En especifico, en base a su grado de pérdida y fragmentacion de habitat, el
area mexicana de la selva Lacandona se puede clasificar en dos zonas: (1) la Reserva de la
Bidsfera de Montes Azules (RBMA), la cual abarca 331,200 ha de selva continua (Gomez-
Pompa y Dirzo, 1995); y (2) la region de Marqués de Comillas (RMC), la cual esta
compuesta por 203,999 ha de fragmentos de bosque rodeados por matrices dominadas por
campos de cultivo, pastizales para ganado y asentamientos humanos (ver Fig. 1 de
CAPITULO ). Es importante mencionar que los fragmentos de selva localizados en la RMC
presentan una estructura forestal similar a la que presenta la RBMA (Hernandez-Ruedas et
al., 2014). Esto, como posible consecuencia de la reciente deforestacion (<40 afios) que ha

sufrido la RMC vy la alta cobertura forestal (ca. 40%) que aun conserva.

Debido a que el area mexicana de la selva Lacandona es uno de los tltimos refugios
del mono arafia de manos negras (Ateles geoffroyi), y en esta region los monos arafia aun se
encuentran en fragmentos de selva, una serie de estudios realizados en la selva Lacandona
han analizado la variacion del patron diario de actividades (Chaves et al., 2011a), la dieta
(Chaves et al., 2011b; 2012), y dispersion de semillas (Chaves et al., 2015; Gonzélez-
Zamora et al., 2014) del mono arafia, entre fragmentos y selva continua. Respecto a su
patrén diario de actividades, podemos destacar que contrariamente a la reportado para otras
regiones de Mesoamérica (Gonzalez —Zamora et al., 2011), los monos arafia que habitan en
selva continua invierten mayor tiempo en el viaje que los monos arafia que habitan en
fragmentos. Esto sugiere, que en esta region, los monos arafia que habitan en fragmentos no
realizan un mayor esfuerzo alimenticio respecto a los monos arafia que habitan en selva
continua (Chaves et al., 2012). Apoyando esto, en la selva Lacandona, los fragmentos en
los que se ha estudiado al mono arafia presentan altas densidades de recursos alimenticios,
y estos animales no presentan diferencias en el consumo de fruta entre fragmentos y selva
continua (Chaves et al., 2012). Un aspecto que hay que resaltar de la dieta del mono arafia
en la selva Lacandona, es el alto porcentaje de tiempo que esta especie invierte en el
consumo de madera (15.7% de su tiempo total de alimentacion: Chaves et al., 2012), el cual
puede deberse al alto contenido de minerales como el sodio y el calcio que contienen en su
madera las especies de arboles que utiliza esta especie para consumir este recurso (Licania

platypus, Ficus spp.) (Chaves et al., 2011b). Debido a que el consumo de madera es mayor
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en hembras lactantes, la madera parece ser un recurso importante para el suplemento de

minerales que requieren las hembras durante esta etapa (Chaves et al., 2011b).

Respecto a la dispersion de semillas, en la selva Lacandona los monos arafia
dispersan semillas de al menos 68 especies de arboles, y el recambio y el nimero promedio
de especies es mayor en selva continua (RBMA) que en fragmentos (RMC) (Gonzalez-
Zamora et al., 2014, 2015). Debido a que en la selva Lacandona el mono arafia es un
importante dispersor de semillas, y la resiliencia de un ecosistema depende del
mantenimiento de su biodiversidad, la implementacion de cercas vivas en esta region
podria favorecer una mayor dispersion de semillas por parte del mono arafia, y por tanto, un

aumento de la resiliencia de esta region.

Desafortunadamente, aunque se cuenta con informacion importante sobre el
comportamiento y la dispersion de semillas del mono arafia para la selva Lacandona, ain
no se conoce de que manera los efectos de la pérdida y fragmentacion del habitat sobre la
estructura de los paisajes, afectan el patron diario de actividades, la dieta y los niveles de
estrés del mono arafia en esta region. Obtener esta informacion seria valioso para la
realizacion de planes de manejo y conservacion eficaces para el monos arafia en la selva
Lacandona, ya que permitiria identificar los atributos de la estructura del paisaje que
presentan mayor efecto sobre su comportamiento y niveles de estrés, asi como la escala del

paisaje en la que estos efectos son mayores.

Objetivos

Los objetivos principales del presente trabajo fueron evaluar los efectos de la estructura
espacial del paisaje sobre el patron diario de actividades, la dieta y los niveles de estrés de
seis grupos de monos arafia (Ateles geoffroyi) que habitan en la selva Lacandona, Chiapas,
y evaluar los efectos de su patrén diario de actividades, dieta y de disturbios antropogénicos

directos sobre sus niveles de estrés.

En especifico, con el objetivo de identificar qué atributos de la estructura del

19



paisaje mejor predicen el patron diario de actividades y la dieta del mono arafia en paisajes
fragmentados, en el CAPITULO | se evaluo la relacion de distintos atributos del paisaje
(porcentaje de cobertura forestal del paisaje, numero de fragmentos, densidad de borde y
promedio de la distancia entre todos los fragmentos del paisaje) con el patron diario de
actividades y la dieta del mono arafia en diez escalas espaciales (i.e., tamafios del paisaje)
diferentes. Esto ultimo, con el objetivo de identificar la escala en la que los atributos del
paisaje presentan las relaciones mas fuertes con el patron diario de actividades y dieta del

mono arafa (i.e., la escala del efecto).

Por otra parte, con el objetivo de identificar los factores que mejor predicen los
niveles de estrés del mono arafia en paisajes fragmentados, en el CAPITULO Il se evalud el
efecto del patron diario de actividades, dieta, disturbios antropogénicos directos (i.e.,
predictores proximales), cobertura forestal, grado de fragmentacion y densidad de alimento
(i.e., predictores distales) sobre los niveles de glucocorticoides fecales del mono arafia.
Ademas, con el objetivo de analizar de qué manera las caracteristicas del habitat repercuten
sobre los predictores proximales de la respuesta de estrés del mono arafia, analizamos las
diferencias del patrén diario de actividades y la dieta de los monos arafia entre los seis sitios

de estudio.
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Understanding the response of species to changes in landscape configuration is required to design
adequate management and conservation strategies. Yet, the most appropriate spatial scale (i.e.,
landscape size) to assess the response of species to changes in landscape configuration (so-called “scale of
effect”) is largely unknown. In this paper, we assess the impact of landscape forest cover, forest
fragmentation, edge density, and inter-patch isolation distance on the diet and behavior of six
communities of spider monkeys (Ateles geoffroyi) in the fragmented Lacandona rainforest, Mexico. We
evaluated the strength of the relationship between each landscape predictor and each response variable
within ten different-sized landscapes (range =50-665ha) to identify the landscape size that best
predicted changes in diet and behavior. The strength of most associations varied across spatial scales,
with the 126-ha landscape showing the strongest relationships between landscape predictors and
response variables in many cases. Yet forest cover represented the main driver of the diet and behavior of
spider monkeys, being positively associated with time traveling and time feeding on wood, but negatively
related to time resting and time feeding on leaves. Although weaker, the impact of edge density was
opposite to forest cover for most response variables. Forest fragmentation and isolation distance showed
the weakest associations with the diet and behavior of this species. Our findings thus indicate that
different landscape attributes operate on different response variables at different spatial scales.
Therefore, the scale of effects cannot be generalized to all response variables and to all predictors, and a
multi-scale analysis will be required to accurately assess the impact of landscape configuration on

species’ responses. Am. J. Primatol. 77:56-65, 2015.

Key words:

INTRODUCTION

In a world increasingly dominated by human-
modified landscapes, understanding the response of
species to changes in landscape configuration is of key
relevance for designing effective conservation strate-
gies [Ellis, 2013]. This has been the focus of a large
number of studies in fragmented landscapes [Ewers
& Didham, 2006; Fahrig, 2003; Fischer & Linden-
mayer, 2007; Tscharntke et al.,, 2012; Villard &
Metzger, 2014], but it was not until very recently
that we have become aware of the fact that the
effect of landscape attributes on wild species is
dependent on the spatial scale at which these
attributes are measured [Arroyo-Rodriguez & Fah-
rig, 2014; Fahrig, 2013; Jackson & Fahrig, 2012]. As
new studies show, the impact of landscape configura-
tion on species are only evident within certain spatial
scales (so-called “scale of effect”) [Fahrig, 2013;
Jackson & Fahrig, 2012], challenging our ability to
identify the spatial extent (or landscape size) at
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landscape approach; landscape structure; landscape heterogeneity; scale dependency

which spatial patterns best predict the response of
species and populations [Fahrig, 2013]. In fact, the
scale of effect is unknown for most species and
variables of interest, limiting thus our understanding
of the impact that habitat spatial shifts have on
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biodiversity [Fahrig, 2013; Jackson & Fahrig, 2012],
and particularly on primates [Arroyo-Rodriguez &
Fahrig, 2014].

The scale of effect has been evaluated for a few
vertebrate species in urban [Garden et al., 2010], semi-
urban [Eigenbrod et al., 2008], and natural (i.e., outside
urban areas) landscapes [Smith et al., 2011]. For
example, Eigenbrod et al. [2008] show that automobile
traffic density is negatively related to the abundance of
anurans, with the strongest effects being apparent at
landscapes with a radius of 500 m; yet, there is a large
variation in the strength of such association among
anuran species [Eigenbrod et al., 2008]. Smith et al.
[2011] report that the total amount of habitat in the
landscape is positively related to the number of forest
bird species, and that such an association is consistent
across more than two orders of magnitude in landscape
size. However, in their study, the impact of fragmenta-
tion per se was scale dependent, with effects varying
from positive to negative depending on landscape size
[Smith et al., 2011]. Finally, Fahrig [1998] also reports
that the impact of habitat loss and fragmentation on
patch occupancy by mid- and large-sized mammals
depends on landscape size, with forest-dwelling species
(i.e., arboreal or semi-arboreal species) responding
more strongly to fragmentation (i.e., density of forest
patches) than to habitat loss.

Arboreal primates are expected to be strongly
affected by changes in landscape configuration
[reviewed by Arroyo-Rodriguez & Fahrig, 2014,
Arroyo-Rodriguez & Mandujano, 2009] yet, to our
knowledge, only two studies have assessed the
impact of landscape configuration on primates at
different spatial scales [Arroyo-Rodriguez et al., 2013;
Thornton et al., 2011]. In particular, Thornton et al.
[2011] find that the occurrence of spider monkeys
(Ateles geoffroyi) is positively related to landscape
forest cover and negatively related to fragmentation,
and that these effects are particularly strong when
measured within 500-ha landscapes. In contrast, they
found that the distribution of black howler monkeys
(Alouatta pigra) was not related to landscape configu-
ration, but Arroyo-Rodriguez et al. [2013] report that
the population structure of this primate species in
forest patches is significantly related to landscape
characteristics, and that the impact of each landscape
metric is scale-dependent. In general, these two
studies on primates support others conducted with
other taxonomic groups [Eigenbrod et al., 2008;
Garden et al., 2010; Smith et al., 2011]; namely,
that the scale of effect is species dependent and that
they may vary from one landscape metric to another.
They also highlight the need for more studies if we are
to attain a comprehensive understanding of the
relative effects of landscape configuration on wild
primates. These should not only be focused on the
relationship between landscape metrics and pri-
mates’ distribution and diversity, but also look into
animal diet and behavior, as these variables are
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directly linked to animal’s fitness in human-modified
landscapes [Danchin et al., 2008].

Ateles geoffroyi is an arboreal and highly frugivo-
rous primate species [Di Fiore et al., 2008, 2011;
Gonzéalez-Zamora et al., 2009]. A few studies have
evaluated their diet and behavior in forest patches
[Chaves et al., 2011a,b, 2012; Gonzalez-Zamora et al.,
2011], but we still do not know which is the
appropriate spatial scale to assess the impact that
landscape configuration may have on the diet and
behavior of this species. This information is especi-
ally relevant given that spider monkeys are consid-
ered to be strongly sensitive to the transformation of
their natural habitats [Boyle & Smith, 2010a; Garber
et al., 2006; Michalski & Peres, 2005]. In fact, this
species is classified as “Endangered” in the ITUCN
red list, and it is estimated that populations have
declined by as much as 50% over the course of the past
45 years [Cuarén et al., 2013].

Here, we evaluate for the first time the impact of
landscape configuration (i.e., landscape forest cover,
forest fragmentation, edge density, and mean inter-
patch isolation distance) on the diet and daily activity
pattern of A. geoffroyi in a fragmented rainforest
under different landscape size scenarios. Each
landscape attribute was calculated for ten different-
sized landscapes (range 50-665ha), and we then
evaluated the strength of the relationship between
each landscape predictor and the response variables
within each landscape scale to identify the spatial
scale (i.e., landscape size) that best predicted changes
in the diet and behavior of spider monkeys in the
region. As spider monkeys have home ranges that are
usually smaller than 170ha [e.g., Chaves et al.,
2011a; Di Fiore & Campbell, 2007; Fedigan et al.,
1988; Wallace, 2008], we predict that the scale of
effect for most response variables and landscape
attributes will be lower than 170 ha. This is because
the diet and behavior of primates are expected to be
more strongly affected by habitat characteristics
within their home range (e.g., food availability) than
by spatial attributes of the areas located outside their
home ranges [Arroyo-Rodriguez et al., 2013; Asensio
et al., 2012a,b; Ramos-Fernédndez et al., 2013]. Also,
because this is a forest-dependent species, we predict
that all response variables will be more strongly
related to differences in landscape forest cover (a
surrogate of habitat amount) than with fragmenta-
tion (i.e., number of forest patches in the landscape)
or patch isolation [Fahrig, 2003, 2013], being this
pattern consistent across several spatial scales
[Fahrig, 1998; Smith et al., 2011].

METHODS
Study Area

We conducted the fieldwork for this study in the
Lacandona rainforest, in southern Chiapas, Mexico
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(Fig. 1). Climate in this region is warm and humid.
The mean annual temperature ranges between 24
and 26°C, and the mean annual rainfall between
2,500 to 3,500 mm. Rainfall is relatively constant
throughout the year but there is a pronounced dry
season between February and April (Comisién Fed-
eral de Electricidad, Mexico City). Two areas can be
distinguished within our study region based on their
degree of human disturbance. On the one hand, the
Montes Azules Biosphere Reserve (MABR) encom-
passes 331,200ha of continuous old-growth forest.
Outside this reserve, the Marqués de Comillas Region
(MCR) encompasses 203,999 ha of fragmented forests
embedded in a matrix dominated by agricultural
lands, secondary forests, cattle pastures, and human
settlements. Deforestation in MCR started in the
1970s, but it was particularly accelerated and
extensive between 1984 and 1986 [Martinez, 2003].
Nowadays, approximately 40% of old-growth forest
cover remains in MCR in the form of forest patches of
different size and degree of transformation (Fig. 1).

Study Sites and Data Collection

Following Arroyo-Rodriguez and Fahrig [2014],
we adopted a sample site-landscape approach. This
means that response variables were evaluated in
sample sites using standardized sampling efforts,
and the landscape variables were measured within a

® A geoffroyi

Pacific ocean
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|
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Secondary 1orsm.L|\-'a fence
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specified radius from these sample sites [also see
Fahrig, 2013]; in this case, the centroids of the
activity areas of the study communities. Specifically,
we studied six communities of spider monkeys
(A. geoffroyi) located in six different sites: five
communities inhabiting five different forest patches
(L1=1,125ha, L.2=141ha, L3 =67ha, L4=28ha,
and L5=460ha) located in MCR and a community
within MABR (CF = 331,200 ha; Fig. 1). The average
Euclidian distance between two study sites (edge
to edge) was 7.2km (range= 0.4-18.9km). We
selected these communities because: (i) they inhabit
sites with different landscape configuration; and
(ii) spider monkeys are well habituated to human
presence.

We followed the six communities of spider
monkeys from March to May 2013. This coincided
with the dry season, and beginning of the rainy
season and one of the annual peaks in fruit
production in the region (May) [Gonzalez-Zamora
et al., 2014; Ochoa-Gaona & Dominguez-Vazquez,
2000]. We documented the diet and daily activity
pattern of our study communities from 0700 to
1530 hours during 3 consecutive days, approximately
once every 3 weeks. In order to avoid the potential
effect of age class on monkey’s behavior [Arroyo-
Rodriguez et al., 2007], we sampled only adult
individuals. Observations were carried out by two
persons (J.D.0.G. and a local field assistant), with the

Marques de Comillas Region
(MCR)

Fig. 1. Location of the study sites in the Lacandona rainforest, Mexico. Points represent the sites where the spider monkeys (Ateles
geoffroyt) spent >30min. These points were used to estimate the activity area of each group, and from the geographic center of each
activity area we estimated the landscape structure in ten different-sized landscapes (see example in the left side of the panel). The circles
within the main panel represent the largest buffer (radius = 1,455 m; area =665 ha).
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aid of high-resolution binoculars, following a focal
animal sampling method [Altmann, 1974]. Focal
animals were randomly changed at 3-min intervals or
when animals moved out of sight, and in total we
recorded 407hr of focal observations (range per
group = 66—69 hr).

During the focal observations we recorded four
mutually exclusive behaviors: (i) resting (period of
inactivity); (ii) feeding (mastication and/or ingestion
of foodstuff); (iii) traveling (movement between tree
crowns or within the crown of a tree that was not
directly food related); and (iv) other activities. Yet, we
focused the analyses on the three main activity
budgets (i.e., resting, traveling, and feeding) because
the rest of activities were rare and represented by a
complex interplay of social activities. During feeding
episodes, we also recorded the food items (fruits,
leaves, wood, and other) consumed by the spider
monkeys. We then calculated the percentage of total
feeding time (TFT) consuming each item. We focused
our analyses on fruits, leaves, and wood because they
are the most important items in the diet of spider
monkeys in the region [Chaves et al., 2012]. Argu-
ably, our sampling effort is relatively small when
compared with other studies on the behavior of A.
geoffroyi [reviewed by Gonzélez-Zamora et al., 2009,
2011], but the sampling effort was almost the same in
all groups, thus avoiding biases related to differences
among groups in sampling effort. Also, we believe it
still is adequate for the objectives of this study
because the values we obtained for the diet variables
were within the range reported for the species
[Gonzalez-Zamora et al., 2011], and very similar to
year-round average values reported for the species in
our study region [Chaves et al., 2011a,b, 2012].

The research presented here was approved by the
Secretary of Environment and Natural Resources
(SEMARNAT) of Mexico (No. SGPA/DGVS/04045),
and complied with the protocols approved by the
appropriate Institutional Animal Care Committee:
Comité de KEtica en Investigacién del Instituto
Nacional de Psiquiatria Ramoén de la Fuente.
Further, the research adhered to the American
Society of Primatologists Principles for the Ethical
Treatment of Non Human Primates and the legal
requirements of Mexico.

Landscape Spatial Metrics

We used the method of minimum convex polygon
to estimate the activity area of each community based
on the locations that are more frequently used, that is
those in which they spent >30min, which were
recorded with a GPS (Fig. 1). We selected this cut-off
point to avoid overestimations in the activity area
related to the inclusion of areas that are rarely used
(e.g., those used during exploratory excursions) [see
Asensio et al., 2012a]. We then identified the centroid
of each activity area, and from this point we assessed
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the landscape configuration based on four param-
eters: (i) landscape forest cover (in percentage); (ii)
degree of fragmentation (i.e., number of old-growth
forest patches in the landscape); (iii) edge density
(i.e., length of all old-growth forest borders within the
landscape, divided by landscape size, expressed as m/
ha); and (iv) mean isolation distance between all
patches in the landscape (isolation distance, hereaf-
ter). We conducted all these analyses using a
recent (May and April 2012) and high-resolution
(2.5 x2.5m) SPOT satellite image (Fig. 1) and
Quantum GIS 2.0.1 software.

Each of these landscape metrics was estimated
within ten different-sized buffers (i.e., landscapes;
Fig. 1). The smallest buffer had 50 ha, which is lower
than the average home range size reported by Chaves
et al. [2011a] for three communities of spider
monkeys located in MABR. The largest landscape
size was 665 ha, which was the maximum size before
our six different landscapes started overlapping in
space. Hence, because our landscapes did not overlap
in space, we did not have problems of independence
among samples (i.e., among landscapes) [see Eigen-
brod et al., 2011]. We then located eight additional
buffers with the same size between the largest and
the smallest buffer, obtaining thus landscapes of
50 ha (radius =399 m), 84 ha (516 m), 126 ha (634 m),
177ha (751 m), 237 ha (868 m), 305 ha (986 m), 382 ha
(1,103 m), 468ha (1,220m), 562ha (1,338 m), and
665ha (1,455 m).

Statistical Analyses

To identify the appropriate scale at which each
landscape metric best predicted the diet and behavior
of spider monkeys, we ran linear regressions between
each landscape metric (predictors) and each response
variable, and we used the coefficient of determination
(R*»—a estimator of the goodness of fit of each model—
to assess the strength of each relationship. These
analyses were done for each of the ten landscape sizes,
and then, following Fahrig [2013], we plotted the R*
values (as a dependent variable) against landscape size
to identify the spatial extent at which the strongest
associations between each response variable and each
predictor were observable. We transformed percen-
tages to proportions, and then, proportion data were
arcsine-square-root transformed to meet normality
assumptions. Edge density and mean inter-patch
isolation distance were quadratic (x%) transformed to
ensure these factors were homogeneously distributed
across the x-axis. We conducted all regressions with
SPSS 20 (SPSS Inc., Chicago, Illinois, USA).

RESULTS

Overall, spider monkeys spent 19% of their time
traveling (range per community: 13-25%), 48%
resting (40-55%), 27% feeding (19-32%), and 6%
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doing other activities (5—11%). With regard to their
feeding, spider monkeys spent 57% of TFT consuming
fruits (range: 41-77%), 20% of TFT consuming leaves
(9-40%), 10% consuming wood (1-42%), and 13%
consuming other items (5—24%).

Considering all landscape sizes, forest cover
surrounding each site averaged 54.5% (range = 12.4—
100%), and the mean values per site remained almost
constant across spatial scales; although it tended to
be lower in intermediate-sized landscapes (Fig. 2a).
The number of forest patches in the landscape
averaged 4 (range=0-12 patches), and increased
gradually with landscape size (Fig. 2b). Isolation
distance averaged 23.6 m (range = 0-49.1m), and it
increased with landscape size (Fig. 2¢). Finally, edge
density averaged 59.5 m/ha (range =0-157.1 m/ha),
and it remained constant in the first six landscape
sizes (50-305 ha), but then decreased with landscape
size (Fig. 2d).

Impact of Landscape Configuration on Diet

Forest cover was the landscape attribute that
best predicted changes in the diet of spider monkeys
in the region (Fig. 3b and c¢). In particular, the time
spent feeding on leaves increased in landscapes with
lower forest cover (RZ_, =0.71, range = 0.61-0.80;
Fig. 3b). The fit of this association increased with
landscape size, reaching the maximum value in the

126-ha landscape, and then gradually decreased
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(Fig. 3b). The time feeding on wood was also
positively related to forest cover (R2. =0.62,
range =0.47-0.70), and the fit of this association
increased with landscape size; yet, only showed
significant associations in >468-ha landscapes
(Fig. 3c¢). Although it was not significant, the impact
of edge density was also scale-dependent, with its
highest influence on the time feeding on leaves
(Fig. 3h) and wood (Fig. 3i) in the 126-ha landscape.
Isolation distance was negatively related to time
feeding on wood (R, =0.41, range=0.15-0.81),
but the fit of this association was only significant in
>468-ha landscapes (Fig. 31). Finally, forest frag-
mentation showed the weakest associations with
the diet of monkeys, and did not show a clear scale
of effect.

Relationship Between Landscape
Configuration and Behavior

Again, forest cover was the landscape metric
that better predicted the behavior of spider mon-
keys (Fig. 4a and b), followed by edge density
(Fig. 4g), and isolation distance (Fig. 41). In
particular, forest cover was positively and signifi-
cantly related to time traveling (R%., =0.79,
range =0.73-0.83), which was consistent across
all spatial scales (Fig. 4a). Forest cover was also
si%niﬁcantly (but negatively) related to time resting
(R =0.70, range =0.58-0.77). The fit of this

mean

b

310

!
RIS
2 4

Ezrﬁ@ql

oL

d

100

“gso%}

ol T
§4o %][%%3
§,20

Yoo

0 200 400 600 800
Area (ha) of local landscape

Fig. 2. Spatial configuration of landscapes surrounding the home range of six independent communities of spider monkeys (Ateles
geoffroyt) inhabiting five forest fragments in the Marqués de Comillas Region, and a site within the continuous forest of the Montes Azules
Biosphere Reserve, Lacandona rainforest, Mexico. We considered four spatial attributes (a—d) measured in ten different-sized buffers
(landscapes) from the geographic center of each activity area. Mean (+SE) values per site are indicated for each landscape size. Isolation
distance refers to the mean inter-patch isolation distance among all rainforest patches in the landscape.
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Fig. 3. Association between landscape size (x-axis) and the strength of the relationship (R?, y-axis) between each landscape attribute
(indicated in rows) and each characteristic of the diet of spider monkeys (i.e., percentage of time feeding on fruits, leaves, and wood) in the
Lacandona rainforest, Mexico. Positive relationships between each landscape attribute and each behavior are indicated with circles,
whereas negative relationships are indicated with squares. Black circles/squares indicate significant relationships (P < 0.05), and white
circles/squares represent non-significant relationships (P > 0.05). The specific significance values are indicated in Table SI.

association increased with landscape size until
126-ha, and then gradually decreased (Fig. 4b).
Edge density was signiﬁcantly related (negatively)
to time traveling (R ,, =0.76, range =0.53-0.91).
Again we found a gradual increase in the fit of the
association, up to 0.91 in the 126-ha landscapes, and
then R? values decreased gradually with landscape
size (Fig. 4g). Although it was not significant, this
scale of effect (i.e., 126 ha) was also evident when
assessing the association between edge density and
time resting (Fig. 4h). Finally, isolation distance
was strongly related (negatively) to time feeding
(R2 ., =0.39, range=0.00-0.77); this association
gradually increased with landscape size, up to 0.77
in the 305-ha landscapes, and then gradually
decreased (Fig. 41).

DISCUSSION

This study shows that different attributes of the
diet and behavior of spider monkeys were associated
with different landscape spatial metrics, and that
these associations varied across spatial scales
(i.e., among landscapes of different sizes). Evidence
indicates that the scale of effect is principally a
function of species mobility [Jackson & Fahrig, 2012],
and can also depend on the heterogeneity of the study
landscape (i.e., on the variability in environmental
gradients) [Brennan et al., 2002; Fahrig, 2013;
Wiens, 1989]. In this sense, the Lacandona rainforest
is highly heterogeneous in terms of landscape
configuration and composition (Fig. 1), and hence,
even relatively small changes in landscape size
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Fig. 4. Association between landscape size (x-axis) and the strength of the relationship (R?, y-axis) between each landscape attribute
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Positive relationships between each landscape attribute and each behavior are indicated with circles, whereas negative relationships are
indicated with squares. Black circles/squares indicate significant relationships (P < 0.05), and white circles/squares represent non-
significant relationships (P > 0.05). The specific significance values are indicated in Table SI.

resulted in important changes in explanatory varia-
bles such as forest cover, edge density, and inter-
patch isolation distance (Fig. 2). Such variations in
environmental gradients are required to find signifi-
cant associations between response variables and
predictors [Cohen et al., 2003] as we did in this study.
In particular, the strength of most associations was
highest in the 126-ha landscape. This scale of effect
was specifically evident when assessing the impact
of landscape forest cover on time resting and time
feeding on leaves, as well as when evaluating the
impact of edge density on time traveling and resting
and on time feeding on leaves and wood.

Am. J. Primatol.

But, why is this landscape size important for
spider monkeys? The scale of effect is not only a
function of species mobility and landscape heteroge-
neity but also of the specific patterns or processes that
are being assessed, as patterns and processes are
scale dependent [Wiens, 1989]. In this sense,
primates make repetitive use of relatively stable
areas (i.e., home ranges) across seasons, and the
availability of resources within such areas are key
drivers of the diet and activity of spider monkeys
[e.g., Asensio et al., 2012a,b; Chaves et al., 2011a;
Ramos-Ferndndez et al., 2013]. Accordingly, we
predicted that landscape attributes should show
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the strongest impact on spider monkey’s behavior
when considering a landscape size close to the size of
their home range. The home range size of spider
monkeys can be highly variable among study sites
[reviewed in Di Fiore & Campbell, 2007, Wallace,
2008], but in human-modified landscapes they rarely
exceed 170ha [Chaves et al., 2012; Di Fiore &
Campbell, 2007; Ramos-Ferndndez et al., 2013;
Wallace, 2008], which would explain why in our
study the effect of landscape attributes increased
until the value of 126 ha, and decreased after this.

Naturally, the home range size in human-
modified landscapes depends on landscape connec-
tivity, and our results indicate that landscape
connectivity was particularly high in <126-ha land-
scapes. For example, these landscapes showed a very
large amount of remaining forest cover (averaging
>50%), low degree of fragmentation (two to three
forest fragments), low inter-patch isolation distance
(ca. 20m), and relatively high edge density (>60m/
ha) (Fig. 2). Overall, these landscape attributes can
allow the monkeys make a better use of resources
located within different parts of the landscape.
Accordingly, it is reasonable to think that spider
monkeys are responding to the 126-ha landscape
because: (i) this landscape size showed a reasonably
high spatial heterogeneity; (ii) the study response
variables are expected to be principally associated
with local habitat characteristics; and (iii) this
landscape size showed a high connectivity, allowing
the monkeys to make use of resources from different
landscape elements.

It is particularly relevant that by conducting a
multi-scale analysis we have higher confidence on the
impact that landscape spatial changes may have on
the diet and activity pattern of spider monkeys
[Arroyo-Rodriguez & Fahrig, 2014; Brennan et al.,
2002; Fahrig, 2013]. In this sense, we found that, as
predicted, forest cover represented the main driver of
the diet and behavior of spider monkeys, which was
consistent across spatial scales [Fahrig, 1998; Smith
et al., 2011]. This finding is consistent with different
empirical and theoretical studies that demonstrate
that habitat loss (i.e., the loss of forest cover or the
reduction in forest patch size) can negatively impact
the diet and behavior of primates [Arroyo-Rodriguez
& Dias, 2010; Boyle & Smith, 2010b; Chaves et al.,
2011a; Cristébal-Azkarate & Arroyo-Rodriguez, 2007,
Dunn et al.,, 2010], as well as other attributes of
populations and communities [reviewed by Fahrig,
2003, 2013]. Leaf consumption was strongly and
negatively associated with forest cover, a finding also
reported by other studies of spider monkeys in the
region [Chaves et al., 2011a, 2012]. This relationship
results from the preference of spider monkeys for
fruit over leaves [Chaves et al., 2012; Di Fiore et al.,
2008, 2011; Gonzalez-Zamora et al., 2009; present
studyl, and the reduced availability of fruit in
small tracts of forest due to the patchy distribution
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of this foodstuff. Also, when feeding on fruit, spider
monkeys have to travel longer distances, and accord-
ingly, we found that forest cover was not only
associated to higher consumption of fruit but also
more time traveling, and consequently lower time
resting.

Wood represents an important foodstuff for spider
monkeys in the region [Chaves et al., 2012; present
studyl, as it represents one of the principal sources of
sodium and calcium for spider monkeys [Chaves
et al., 2011b]. Similar to fruit, wood is patchily
distributed in the forest as only a handful of tree
species serve as source of this foodstuff for spider
monkeys [e.g., Licania platypus and Ficus spp.;
Chaves et al.,, 2011b]. Correspondingly, we found
that forest cover was positively associated to the
consumption wood in spider monkeys, a relationship
that was consistent across several spatial scales. We
think that this finding was related to the fact that in
our study forest cover was almost constant across
different landscape sizes (Fig. 2a). However, there is a
limit to how far the spider monkeys can range in their
search for wood, which will also be determined by the
degree of landscape connectivity. This can explain
why there was a negative association between
isolation distance and wood consumption when consi-
dering larger landscapes (i.e., >468 ha; Fig. 31).

The diet and behavior of spider monkeys were
negatively associated with edge density, and this
correlation was strongest within the 126-ha land-
scapes. We believe that this association is driven by
the effect of forest cover over the behavior of spider
monkeys given that: (i) forest cover is strong and
negatively related with edge density and the fit of this
correlation was strongest in the 126-ha landscape
(R?=0.87); and (ii) landscape forest cover showed a
much stronger impact that edge density on the
behavior of spider monkeys.

As reported for other animal species [Betts
et al., 2006; Smith et al., 2011; and others reviewed
in Fahrig, 2003], our results indicate that forest
fragmentation has a lower impact on primates than
habitat availability. In this sense, it has been
proposed that forest fragmentation exerts its highest
impact on animals at landscapes with less than 30%
of forest cover [Fahrig, 1998], but in our study area
the average landscape forest cover was 55%. With
high habitat availability around the study patches,
we can expect that the remaining patches are
relatively large and highly connected with other
neighboring patches [Fahrig, 2003], increasing thus
the availability of space and resources. In fact, the
increase in the number of forest patches with
landscape size (Fig. 2b) did not result in a higher
impact of fragmentation on the response variables
(Figs. 3 and 4), thus supporting the idea that under
such landscape context, fragmentation does not
impact significantly the diet and behavior of this
primate species.
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In summary, as a general guideline for primatol-
ogists interested in evaluating the impact of land-
scape configuration on the diet and behavior of spider
monkeys, we suggest that it is best to characterize the
landscape within a radius of approximately 634 m
from the center of the study sites (i.e., landscape area
of approximately 126 ha). Yet it is evident that the
scale of effects cannot be generalized to all response
variables or to all predictors, and hence, when
possible, a multi-scale analysis is suggested to
accurately assess the impact of landscape configura-
tion on species responses [Fahrig, 2013]. Also, as we
did not cover the annual variation in plant phenology,
and our sampling schedule (i.e., 0700-1530 hours)
did not include all periods of primates’ activity (e.g.,
early morning and mid-late afternoon), additional
multi-scale analyses are needed (particularly those
including larger sample sizes) to assess the scale of
effect in other regions and with other response
variables. Doing this will help determine if the
patterns found in this study can be applicable to
other sites and regions, and accordingly improve our
understanding on the response of primates to
landscape modifications. This will be of key relevance
to design and implement effective management and
conservation plans.
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Supplementary information

Table SI. Coefficients of determination (R?) and significance values (in parentheses) of the association between each landscape
attribute and each characteristic of the diet (i.e., percentage of time feeding on fruits, leaves, and wood) and activity pattern (i.e.,

percentage of time traveling, feeding, or resting) of spider monkeys (Ateles geoffroyi) in the Lacandona rainforest, Mexico.

Landscape attribute/response

Size (ha) of local landscape

variable 50 84 126 177 237 305 382 468 562 665
Forest cover vs.
Time feeding on fruits 0.021 0.015 0.016 0.011 0.008 0.006 0.001 0.000 0.000 0.000
(0.786) (0.814) (0.811) (0.842) (0.868) (0.889) (0.947) (0.988)  (0.969)  (0.959)
Time feeding on leaves 0.610 0.747 0.802 0.795 0.781 0.757 0.717 0.678 0.638 0.611
(0.066) (0.026) (0.016) (0.017) (0.019) (0.024) (0.034) (0.044) (0.057)  (0.066)
Time feeding on Wood 0.473 0.555 0.577 0.605 0.627 0.628 0.655 0.676 0.693 0.697
(0.131) (0.089) (0.080) (0.068) (0.060) (0.060) (0.051) (0.045) (0.040)  (0.039)
Number of forest patches vs.
Time feeding on fruits 0.007 0.243 0.234 0.153 0.546 0.000 0.027 0.060 0.074 0.119
(0.876) (0.320) (0.331) (0.443) (0.093) (0.996) (0.757)  (0.641) (0.603)  (0.503)
Time feeding on leaves 0.069 0.005 0.002 0.004 0.019 0.245 0.035 0.049 0.018 0.029
(0.614) (0.889) (0.934) (0.900) (0.792) (0.319) (0.723) (0.674) (0.802)  (0.747)
Time feeding on Wood 0.334 0.472 0.412 0.247 0.614 0.408 0.279 0.403 0.318 0.398
(0.230) (0.131) (0.169) (0.316) (0.065) (0.172) (0.281) (0.175) (0.244)  (0.179)
Edge density vs.
Time feeding on fruits 0.000 0.001 0.002 0.002 0.002 0.004 0.005 0.001 0.001 0.000
(0.994) (0.958) (0.941) (0.940) (0.942) (0.906) (0.897) (0.952) (0.951)  (0.985)
Time feeding on leaves 0.085 0.203 0.504 0.309 0.285 0.236 0.226 0.122 0.104 0.099
(0.576) (0.370) (0.114) (0.252) (0.275) (0.328)  (0.340) (0.498) (0.532)  (0.543)
Time feeding on Wood 0.186 0.313 0.470 0.348 0.312 0.283 0.303 0.279 0.289 0.316
(0.393) (0.248) (0.133) (0.218) (0.249) (0.278)  (0.258) (0.281) (0.272)  (0.245)
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Isolation distance vs.

Time feeding on fruits 0.105 0.261 0.278 0.298 0.371 0.001 0.367 0.354 0.332 0.311
(0.531) (0.300) (0.282) (0.262) (0.200) (0.957) (0.202) (0.213)  (0.231)  (0.250)
Time feeding on leaves 0.084 0.011 0.013 0.016 0.008 0.195 0.141 0.229 0.284 0.319
(0.577) (0.845) (0.830) (0.808) (0.866)  (0.381) (0.464) (0.337) (0.276)  (0.243)
Time feeding on Wood 0.147 0.182 0.174 0.159 0.299 0.226 0.593 0.719 0.780 0.810
(0.454) (0.399) (0.410) (0.433) (0.262) (0.341) (0.073) (0.033) (0.020)  (0.015)
Forest cover vs.
Time traveling 0.795 0.753 0.728 0.745 0.762 0.782 0.808 0.820 0.833 0.830
(0.017) (0.025) (0.031) (0.027) (0.023) (0.019) (0.015) (0.013) (0.011) (0.011)
Time resting 0.577 0.724 0.769 0.766 0.754 0.737 0.717 0.692 0.663 0.639
(0.080) (0.032) (0.022) (0.022) (0.025) (0.029) (0.034) (0.040) (0.049) (0.056)
Time feeding 0.027 0.064 0.071 0.062 0.051 0.048 0.043 0.037 0.030 0.025
(0.754) (0.628) (0.610) (0.635) (0.667) (0.676) (0.693) (0.714) (0.744)  (0.766)
Number of forest patches vs.
Time traveling 0.590 0.312 0.349 0.166 0.253 0.300 0.355 0.472 0.267 0.324
(0.074) (0.250)  (0.217) (0.423) (0.309) (0.261) (0.212) (0.131) (0.294)  (0.238)
Time resting 0.082 0.049 0.051 0.117 0.162 0.427 0.128 0.133 0.119 0.151
(0.581) (0.674) (0.666)  (0.507)  (0.428) (0.159) (0.486)  (0.477)  (0.503)  (0.447)
Time feeding 0.051 0.018 0.000 0.251 0.059 0.296 0.067 0.008 0.095 0.088
(0.667) (0.803) (0.976) (0.312) (0.642) (0.264) (0.622) (0.866)  (0.552)  (0.569)
Edge density vs.
Time traveling 0.715 0.827 0.907 0.872 0.873 0.835 0.803 0.677 0.601 0.530
(0.034) (0.012) (0.003) (0.006) (0.006) (0.011) (0.016) (0.044) (0.070)  (0.101)
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Time resting 0.065 0.202 0.469 0.273 0.236 0.183 0.191 0.120 0.114 0.134
(0.625) (0.372) (0.133) (0.287) (0.328) (0.398)  (0.386) (0.502) (0.513) (0.476)
Time feeding 0.084 0.010 0.001 0.010 0.024 0.047 0.029 0.029 0.018 0.001
(0.578) (0.853) (0.945) (0.854) (0.771) (0.679) (0.747) (0.748)  (0.799) (0.954)
Isolation distance vs.
Time traveling 0.079 0.000 0.001 0.001 0.009 0.067 0.111 0.188 0.224 0.255
(0.589) (0.998) (0.962) (0.947) (0.857) (0.620) (0.519)  (0.390)  (0.344) (0.307)
Time resting 0.068 0.047 0.044 0.041 0.179 0.438 0.442 0.548 0.600 0.635
(0.618) (0.679)  (0.691) (0.700)  (0.403) (0.152)  (0.150)  (0.092)  (0.070) (0.058)
Time feeding 0.002 0.336 0.343 0.368 0.523 0.766 0.477 0.407 0.362 0.348
(0.935) (0.228)  (0.222) (0.201) (0.104) (0.022) (0.129) (0.173)  (0.206) (0.218)
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Abstract

The rapid loss, fragmentation and degradation of tropical forests threaten the survival of
many animal species. However, the way in which these phenomena affect animal health has
been poorly explored, thus limiting the design of appropriate conservation strategies. To
address this, here we identified using general linear mixed models the effect of proximal
(diet, activity pattern, hunting and logging) and distal (sum of the basal areas of fruiting-
tree species [SBAFS], landscape forest cover and degree of forest fragmentation) variables
over fecal glucocorticoid metabolite (fGC) levels — hormones associated with animal health
and fitness — of six groups of spider monkeys (Ateles geoffroyi) inhabiting six landscapes
with different spatial structure in Mexico. Proximal variables showed a stronger predictive
power over fGC than distal. In this sense, increases in travel time, the occurrence of
hunting, and reductions in rest time and fruit consumption, resulted in higher fGC levels.
Regarding distal variables, increases in SBAFS were negatively related to fGC levels, thus
suggesting that food scarcity increase stress levels. Nevertheless, contrary to theoretical
expectations, spider monkeys living in smaller tracts of forest spent less time travelling, but
the same time feeding on fruit as those in more forested areas. The lower net energy return
associated to this combination of factors would explain why contrary to theoretical
expectations, increased forest cover was associated with increased levels of fGCs in this
groups. Our study shows that, at least in the short term, spider monkeys in fragmented
landscapes do not always present higher levels of stress compared to those inhabiting
continuous forest, and the importance of preserving fruit sources and controlling hunting

for reducing the levels of stress hormones in free ranging spider monkeys.
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Introduction

Land-use change has converted more than three quarters of the terrestrial biosphere into
human-modified landscapes [1,2]. Because biodiversity is often threatened in these
emerging landscapes, an increasing number of studies have been directed to better
understand the response of species to such landscape changes and inform conservation
plans (reviewed in [3-5]). The majority of these efforts have been focused on assessing the
impact of forest patch and landscape spatial attributes on animal behavior [6,7], and on
other attributes of animal and plant populations [8,9] and assemblages [10-12]. However,
the complexity of the effects set off by habitat loss and fragmentation over the living
conditions of animals hampers our ability to pinpoint which are the proximal factors (e.g.,
daily activity patterns, diet, intra and intergroup conflicts) that lead to the negative effects
of these broad phenomena over species’ demography, and how these are in turn associated
with distal effects, such as landscape metrics. This is further complicated by the slow life
histories of many animal taxa such as primates, and by the fact that the response of species
to changes in habitat spatial metrics (e.g., forest loss and fragmentation) depends on the
spatial scale (i.e., landscape size) at which these metrics are measured (i.e., the so-called
“scale of effect”; sensu Jackson and Fahrig [13]).

The study of glucocorticoids (e.g., cortisol, corticosterone) can help us to assess the
effects of habitat perturbation on wildlife’s energetic physiology and fitness. These
hormones are secreted by the adrenal glands in response to stressful challenges to the
organism’s homeostasis, their principal effect being the mobilization of energy reserves to
overcome the stressor and the inhibition of non-vital functions [14-16]. This response is

therefore adaptive, but higher levels of glucocorticoids (GC) are nonetheless indicators that
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organisms have to cope with a certain challenge using resources that could be allocated for
maintenance and reproduction [17]. Accordingly, chronically elevated levels of GCs have
been associated with pregnancy loss, lower birth weight and immunosuppression [18,19],
and therefore, these hormones have been proposed as biomarkers of population health [20].
Due to their large size, diurnal habits and adaptability to human presence, it is
relatively easy to follow arboreal primates and register their diet and behavior. This makes
them a good model for identifying the proximal causes of stress in wildlife, and
determining how these are in turn associated with broader phenomena, such as reduced
resource availability and changes in landscape structure (e.g., forest cover and degree of
forest fragmentation). Overall, studies show that primates living in smaller forest fragments
have higher levels of GCs than those living in larger tracts of forest (e.g., Piliocolobus
tephrosceles: [21]; Alouatta pigra: [22]; Eulemur collaris: [23]). Dunn et al. [24] related
the higher levels of GCs in feces of a group of howler monkeys (Alouatta palliata) living in
a small forest fragment to a lower availability of fruit, which in turn forced them to travel
more and consume larger quantities of energy-poor leaves. Studies of Pan troglodytes
schweinfurthii [25] and Cercopithecus mitis [26,27] have also related higher GC levels with
food shortage and higher metabolic demands. In addition to this, other proximal factors
such as human presence [28,29] and direct anthropogenic disturbances (e.g., logging,
hunting) [30] may also impact GC levels in primates. Nevertheless, to date, no
environmental physiology study has yet assessed the effect of landscape spatial metrics on
stress levels of primates, despite evidence showing that landscape attributes like forest
cover and forest fragmentation are important predictors of their occurrence [11], behavior

[7] and population characteristics [31] in fragmented tropical landscapes.
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Here, we used for the first time a patch-landscape approach (sensu Arroyo-
Rodriguez & Fahrig [32]) to identify the main predictors of stress levels in spider monkeys
(Ateles geoffroyi) living in human-modified landscapes. In particular, we analyzed what set
of proximal (activity pattern, diet and direct anthropogenic disturbances) and distal (sum of
the basal areas of fruiting-tree species [SBAFS] and landscape structure) variables better
predicted the levels of fecal GCs (fGCs) in six groups of spider monkeys inhabiting
landscapes with different degree of human perturbation in the Lacandona rainforest,
Mexico. Given the highly energetic demands of spider monkeys [33,34] and the patchy
distribution of fruit in space, we predict that fruit consumption (i.e., proximal predictor),
forest cover and density of fruit sources (i.e., distal predictors) will present a negative effect
on fGC levels. Also, because logging and hunting (i.e., direct anthropogenic disturbances)
have a direct effect on the survival of arboreal animals, we predict that these activities will
present a strong positive effect on fGC levels. This is a timely study for the conservation of
A. geoffroyi, given that this large-bodied and highly frugivorous Neotropical primate [35] is
considered one of the most sensitive species to habitat transformation [36—-38]. In fact, A.
geoffroyi is classified as “Endangered” in the IUCN red list, and it is estimated the

populations have declined by as much as 50% over the course of the past 45 years [39].

Materials and Methods

Ethics Statements
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This research was undertaken in accordance with the ethical and legal requirements of the
Secretaria de Medio Ambiente y Recursos Naturales (SEMARNAT) of Mexico, and was
authorized by permit number SGPA/DGVS/04045/13. It also complied with the protocols
approved by the Ethical Committee of the Instituto Nacional de Psiquiatria Ramon de la
Fuente Mufiiz (approval no. 3330B) of Mexico, and adhered to the American Society of
Primatologists Principles for the Ethical Treatment of Non-Human Primates. The owners of

the forest fragments granted us the permission to conduct this study in their land.

Study area

We conducted the fieldwork for this study in the Lacandona rainforest, in southern Chiapas,
Mexico. This region presents two well-defined seasons: a dry season from January to May,
and a rainy season from June to December. The average annual rainfall is 2881 mm, with
the highest concentration of rainfall occurring between June and September (range: 423-
511 mm/mo) and the lowest between February and April (range: 46-61 mm/mo). During
the dry season the average monthly temperature is 26.3 °C (range: 22—28 °C) while during
the rainy season it is 23.5 °C (range: 20-25 °C) (Comision Federal de Electricidad,
Mexico). Although there are no long-term published records on changes in fruit availability
for our study region, a recent study of the seed rain produced by the spider monkey in
latrines located beneath 60 sleeping sites in the region [40,41], suggests that in the
Lacandona region the production of fleshy fruit (main food item for A. geoffroyi [33,34]) is
higher during the rainy season than during the dry season, which has been associated with
the fact that spider monkeys tend to consume smaller quantities of fruit during this period

[42].
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In terms of habitat configuration, our study region presents two well-distinguished
areas: (i) the Montes Azules Biosphere Reserve (MA), which encompasses 331,200 ha of
continuous forest; and (ii) the Marqués de Comillas Region (MCR), which is comprised of
203,999 ha of fragmented forest embedded in a matrix dominated by agricultural lands,
cattle pasture, and human settlements. Deforestation in MCR started in the 1970s, but it
was particularly accelerated and extensive between 1984 and 1996 [43], and as a result the

MCR has lost approximately 60% of its original forest cover.

Studied spider monkey groups

We collected fecal samples and analyzed the behavior of spider monkeys (Ateles geoffroyi)
belonging to six different groups living in separate sites (F1, F2, F3, F4, F5 and MA)
characterized by landscapes of different structure. Group MA lived in the Montes Azules
Biosphere Reserve (16°07°N, 90°56°W), while the other five groups inhabited different
forest fragments within the Marqués de Comillas region (F1: 16°15’N, 90°50’W; F2:
16°18°N, 90°40°W; F3: 16°17’N, 90°50°W; F4: 16°20°N, 90°51°W; F5: 16°20°N,
90°48’W). Group MA was composed of 26 individuals (11 females, 4 males, 6 juveniles
and 5 infants), Group F1 of 30 individuals (13 females, 5 males, 4 juveniles and 8 infants),
Group F2 of 30 individuals (13 females, 4 males, 6 juveniles and 7 infants), Group F3 of 27
individuals (12 females, 6 males, 3 juveniles and 6 infants), Group F4 of 22 individuals (8
females, 5 males, 3 juveniles and 6 infants) and finally Group F5 of 23 individuals (6

females, 9 males, 5 juveniles and 3 infants).
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Collection of proximal variables

Before the start of the data collection, and with the aim of habituating the study groups,
identifying the group members and locating their most frequent travel routes, we followed
each of the six study groups for ca. four hours every two weeks during two different
periods (February-August 2012 and January-February 2013), for a total of 421 h (range:
65—-72 h per group). We determined that the study groups were habituated to our presence,
when they stopped threatening (e.g., shaking branches and vocalizing against us) and/or
paying attention to us (e.g., gazing). We also identified as a sign of habituation the fact that
females would sometimes allow their infants to get very close to us (ca. 3-6 m).

We conducted our study during the dry season of 2013 (March to May), because
studies with spider and howler monkeys suggest that the effects of forest loss and
fragmentation over the behavior [24,42] and stress levels [24] of primates are more marked
during periods of seasonal reductions in the availability of fleshy fruit. We studied the daily
activity pattern and diet, and collected fecal samples from each study group once every
three weeks (i.e., sampling round) for three consecutive days from 0700 to 1530 h. To
avoid the potential effect of age on monkey’s behavior and hormone levels we sampled
only adult individuals. Observations were carried out by two people (JDOG and a local
field assistant), following a focal animal sampling method [44]. We switched focal animals
randomly at 3-min intervals or whenever animals moved out of sight. Spider monkeys have
high fission-fusion dynamics, therefore, to avoid biases due to sampling subgroups with
adults of only one sex, during each fission event we selected a subgroup composed of
adults of both sexes. The average number (£SD) of fission and fusion events per day was

1.278 (x0.712) and 0.759 (+£0.671), respectively. We did not observe differences in the
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number of fission and fusion events per site (one-way ANOVA: Fs45=1.546, P = 0.193 for
fission events; Fs 45 =0.712, P = 0.617 for fusion events). In total, we recorded 407 hours of
focal observations (range per group = 66—69 hr) (see further details in [7]).

We recorded the diet and activity pattern considering six mutually exclusive
behavioral categories: (i) time resting (period of inactivity); (ii) time traveling (movement
between tree crowns or within the crown of a tree that was not directly food related); (iii)
time spent feeding on fruit; (iv) time spent feeding on leaves; (v) time spent feeding on
wood; and (vi) other activities (e.g., intra and inter group aggression, grooming, aggression
towards the observer). We did not consider the effect of ‘other activities' for analysis
because their occurrence can potentially be associated to social dynamics within the groups
such as changes in dominance hierarchy or reproductive competition, rather than to habitat
effects. They were also very infrequent. During each observation day we also recorded the
occurrence of direct anthropogenic disturbances, such as logging and/or hunting in the
vicinity of the study groups. We classified as: (i) ‘logging days’, days in which we heard
tree saws or tree axes; (ii) “hunting days’, days in which we detected gun shots and hunting
dogs; and (iii) ‘no-disturbance days’, days in which we did not detect any signs logging or

hunting activities.

Distal factors: landscape structure and food availability

The method that we followed to assess landscape spatial metrics has been described
elsewhere [7]. Briefly, we used the method of minimum convex polygon to estimate the
centroid of the activity area of each group based on the locations which spider monkeys

spent >30 min. Then, from this point we calculated the percentage of forest cover and the
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number of forest fragments within ten different-sized buffers (i.e., landscapes) to test the
relative impact of forest loss and fragmentation on spider monkeys’ stress levels [32,45].
The scale of effect is related to spatial habitat use [13]. Accordingly, for the smallest buffer,
we chose 50 ha as this is just below the 56 ha of the average spider monkey home range
size reported for MA [42]. For the largest buffer, we chose 665 ha, which was the largest
buffer that we could project without our six different landscapes started overlapping in
space, loosing independence among samples. Using these two extreme values as reference,
we then established eight additional buffers of incremental area (Table 1). After this, we ran
linear regressions between each metric and the mean fGC levels of each site in order to
identify the scale at which the strongest associations were presented (i.e., “scale of effect”
[46]) (Table 1). We conducted all these analyses using a recent (April and May 2012) and

high-resolution (2.5 x 2.5 m) SPOT satellite image and Quantum GIS 2.0.1 software.

To assess food availability within each site, we used the sum of the basal area of
fruiting-tree species of which fruit is consumed by spider monkeys (SBAFS), as the basal
area of a tree is a good proxy of the amount of fruit it can produce [47,48], and several
studies report significant associations between this vegetation attribute and primate
presence in forest fragments (e.g., Cercocebus galeritus: [49]; A. palliata: [50]). To
calculate this, we randomly located 20 transects of 50 x 2 m within the activity area of each
group, and we measured the diameter at breast height (dbh) of trees species with a dbh > 10
cm. We then identified the tree species used by the spider monkey within these plots to
calculate the SBAFS for each study group (Table S1). The species used by the spider
monkey for fruit consumption were identified combining the data from: (i) the present

study, (ii) a year-round study conducted in the study region [34], and (iii) a meta-analysis
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study of the food species reported for A. geoffroyi in Mesoamerica [33].

Fecal sample collection and fecal GC assay

While in the field, we opportunistically collected fecal samples throughout the day and
immediately upon defecation (< 10 min), and we stored them in a cooler with frozen gel
packs. We only collected samples if free of urine and other impurities, and from adult
individuals. For each sample we registered location, date and time of collection, the sex of
the individual the sample belonged to, and when female, whether she was lactating or non-
lactating (pregnant and cycling females). Due to the large group sizes and fission-fusion
dynamics of spider monkeys [51], we could not assign the identity of the individual who
defecated to all samples. However, to reduce problems of data independence, during each
observation day we collected only one sample per individual of the sampling subgroup.
Back at the field station, every afternoon, we stored the samples at —20 °C until their
extraction (< 6 mo) in the Physiology Department of Centro de Investigacion y de Estudios

Avanzados, in Mexico City.

The protocols that we used to extract [52,53] and quantify [54] GC in feces have
been previously used and validated to detect the activation of the HPA axis in response to
stressful stimuli in spider monkeys (Ateles geoffroyi). Following the method described by
Brown et al. [55] and modified by Brousset et al. [56], we dried out the samples at 65 °C in
a scientific oven (Precision Scientific 25EM) and pulverized and passed them through a

sieve. Following this, we vortexed 0.40+0.01 g of each dried sample for 1 min in 5 mL of
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80% ethanol and then placed them in a water bath at 80 °C for 20 min. After the 20 min
incubation period, we centrifuged the samples for 20 min at 460 x g and decanted the
supernatant into a second tube. We then dried out the supernatants in a water bath at 36 °C,
added 0.3 mL ethanol and incubated the samples for 30 min at room temperature. Finally
we centrifuged the samples for 20 min at 460 x g, and decanted the supernatants which
were kept at —24 °C until radioimmunoassay (RIA). This extraction method has shown to

recover 56% of the cortisol metabolites content in spider monkey feces [52,53].

We quantified GC concentrations in the samples with a solid phase **°I RIA method
using cortisol CORT-CT2 CIS kits (Bio Internacional® B.P. 32-F91192 GIF-SUR-
YVETTE CEDEX/France). The calibration range for assay was 0-2000 nmol I™*. We
incubated the samples for 2 hr at 37 °C and measured radioactivity using a Packard Cobra
II® (Packard Cobra Il, A Canberra Co. Meriden, CT) scintillation counter for gamma
radiation. The Kit presents a low cross- reactivity with corticosterone (2.5%) and cortisone
(2.2%). We assessed all the extracts in duplicate in a total of seven assays. Intra- and inter-
assay coefficients of variation were 7.8% and 8.3%, respectively. We performed
parallelism by comparing the slope of a serial dilution curve of pooled spider monkey fecal
extracts to the slope of the standard curve, difference not being significant (t = 0.356, P =
0.726, N = 10). The slope of standards spiked with diluted fecal extract exhibited high
accuracy (B = 0.969, R?=0.992 N = 10, P = 0.000), indicating that the assay reliably
measures fGCs across its range of concentration without interference from other fecal

products.
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Statistical analyses

Spider monkeys present a very short food passage time (mean = 4.4 h, range: 2.75-7.75 h
[57]), which results in that cortisol levels have been observed to peak in feces as little as 7—
8 h after a stressful stimulus [52]. Accordingly, here we assessed the effect of proximal
predictors on fGC levels, by matching each individual’s fecal sample with: (i) the
percentage of time the group to which that spider monkey belonged spent travelling, resting
and consuming food items (fruit, leaves and wood); and (ii) the occurrence of logging or
hunting in the vicinity the day in which the sample was collected. To assess the effect of
distal predictors on fGC levels, we matched the fGC value of the fecal samples with the
landscape spatial metrics (i.e., forest cover and number of forest fragments) and the SBAFS
corresponding to the sites in which we collected the samples. Finally, we log transformed

our response variable (fGC levels) to achieve normal distribution.

We used the Imer function of the Ime4 package [58] for R 3.2.2 to run linear mixed
models (LMMSs) to assess the effect of proximal and distal predictors on fGC levels. We
used the r.squaredGLMM function of the MuMIn package [59] to calculate the coefficient
of determination (R?) for each model. To reduce correlation and collinearity among
predictors, we discarded variables that presented a Pearson correlation index > 0.7 and a
variance inflation factor (VIF) > 4 (which indicate multicollinearity [60,61]). For
calculating VIF, we used the function vif of the car package [62]. Because landscape spatial
metrics and food availability (i.e., distal predictors) have been shown to be collinear with
the daily activity pattern and diet (i.e., proximal predictors) of the spider monkey in our

study region [34,42], we separately analyzed the impact of proximal and distal predictors
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on fGCs. Given that we only collected one sample per individual per sampling day of the
study subgroup, we controlled for pseudoreplication effects by specifying observation day
(nested within sampling rounds) and samples (nested within sites) as random factors. To
reduce the variability of fGC levels due to factors not related to our independent variables,
we used time of sample collection (AM or PM), sex, and lactating or non-lactating as
control variables in all the models. We conducted multiple comparisons among the direct
anthropogenic disturbances with the function ghlt of the package multcomp [63] for R 3.2.2

with P values adjusted using the Tukey method.

To select the most parsimonious models that best predicted the effect of predictor
variables on fGC levels, we used the Akaike’s information criterion (AIC). We ranked the
models from the best (with lowest AIC) to the worst (with highest AIC), and considered the
set of models with a difference in AIC (AAIC) < 2 from the top model as having
equivalently strong empirical support and similar plausibility [61]. In order to check the
assumptions of homogeneous and normally distributed residuals, we visually inspected Q-

Q plots of residuals plotted against fitted values of each model.

Finally, we used the Imer function [58] to run a set of LMMs to analyze the effects
of site on daily variation of activity pattern and diet of spider monkeys. We transformed
percentages of the daily time spent in each time budget component (e.g., time travelling,
time feeding on fruit) to proportions, and then, proportion data were arcsine-square-root
transformed to meet normality assumptions. In each model we categorized site as fixed
factor, and sampling round as random factor to account for the non-independence of
repeated measures, and we applied a Bonferroni correction for multiple comparisons. We

conducted post hoc pairwise comparisons between the study sites with the function Ismeans
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of the package Ismeans [64] with P values adjusted using the Tukey method. We carried

out all analyses in R 3.2.2 [65].

Results

We recorded the occurrence of hunting in site F2 and logging in site F3 (Table 2) during
the second and third sampling rounds. We observed the strongest relationships between
landscape spatial metrics and fGC levels at 50-ha landscapes (forest cover: r = 0.59;
number of fragments: r = -0.56; Table 1). Both, forest cover and number of fragments
showed clear patterns and gradual changes between landscape sizes. It is important to
mention that although sites F4 and F5 showed the lowest values of forest cover, these sites

presented high SBAFS (Tables 2 and S1).

The best-supported models that assessed the effects of proximal predictors on fGC
levels included: time traveling, time resting, direct anthropogenic disturbances, time
feeding on fruit and time feeding on wood (Table S2). Increases in travel time resulted in
significantly higher levels of fGC levels while the effect of rest time was the opposite
(Table 3). The occurrence of hunting was associated with significantly higher fGC levels
than no-disturbance (Table 3 and Fig 1). Fruit consumption tended to decrease fGC levels,
although this effect did not reach significance (P = 0.07). Regarding distal predictors, the
best-supported model included forest cover and SBAFS (Table S2), but the variance
explained by such fixed factors was notably lower than that explained by proximal

predictors (Table 3). Increased forest cover was associated with significantly increased
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levels of fGCs, while higher SBAFSs resulted in lower levels of stress hormones (Table 3).

Fig 1. Mean (xSE) log fecal glucocorticoid (fGC) levels of direct anthropogenic
disturbances presented at six groups (MA, F1, F2, F3, F4, F5) of spider monkeys
(Ateles geoffroyi) living in the fragmented Lacandona rainforest, Mexico. Letters

indicate significant differences (P < 0.05) among direct anthropogenic disturbances.

We found significant effects of site in three of the five activity budgets we have
studied (Table 4). Spider monkeys spent more time traveling in MA than in F4 and F5, and
in F1 than in F5 (Fig 2a). In the case of wood consumption, spider monkeys spent more
time feeding on wood in MA than in all other sites (Fig 2e), and in the case of leaves
consumption spider monkeys spent more time feeding on leaves in F4 than in MA (Fig 2d).

For time resting and feeding on fruit we found no significant effects (Table 4).

Fig 2. Relationships between means (£SE) of log-transformed fecal glucocorticoid
(fGC) levels (squares) and means (£SE) of the arcsine-square-root (ASR) transformed
of the proportion of the percentage of the daily time budgets (rhombus) of six groups
of spider monkeys (Ateles geoffroyi) living in the fragmented Lacandona rainforest,
Mexico. TT = time traveling; TR = time resting; TFF = time feeding on fruit; TFL = time
feeding on leaves; TFW = time feeding on wood. Letters indicate significant differences (P
< 0.05) among sites, and black lines in squares indicate the occurrence of direct

anthropogenic disturbances within the sites.
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Discussion

Our study shows that fGC levels of spider monkeys are affected by both proximal and
distal variables. Consistent with our predictions, our results suggest that fruit consumption
and a lower time spent on energetically costly activities (less traveling and more resting)
result in lower levels of fGCs (for examples with similar results see [24,26,66]), and that
direct anthropogenic disturbances activate the stress response in spider monkeys [30].
Regarding distal predictors, we verified that fGC levels are negatively related to SBAFS,
thus suggesting that food scarcity within the sites increases stress levels [28,66,67].
However, contrary to our prediction, our results show a positive relationship between forest
cover and fGC levels, suggesting that spider monkeys inhabiting landscapes with low forest
cover do not necessarily always experience higher levels of stress. Below, we elaborate on
the potential mechanisms that can explain these findings, as well as on the ecological and

conservation implications of these.

In general, fGC levels were more strongly related to proximal than to distal
predictors, reflecting that changes in habitat characteristics do not act directly over
wildlife’s physiology, but rather through their effects on their behavior. The positive effect
of travel and the negative effects of rest and fruit consumption on fGC levels support that
physical effort [24,26,66], and reductions in the consumption of high-energy food items
(e.g., fruit) [24-27] result in higher levels of fGCs. These results are well supported given
the high-energy demands of spider monkeys associated to their large body size and their

high dependency on fruit [33—-35], and reflect the energy-mobilizing role of GCs [14-16].

Consistent with other studies of Ateles hybridus [30] and Canis lupus [68], we also
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found that the occurrence of hunting in the vicinity of the groups is a source of stress for
spider monkeys. Due to their size and diurnal habits, large primates are very vulnerable to
hunting [69]. In Mexico, and particularly in the states of Campeche and Chiapas (where we
conducted this study), spider monkeys are taken to black markets to be sold as pets [70].
Therefore, the observed reaction to hunting could indicate that spider monkeys are being
poached in our study area. In agreement with this idea, we have observed spider monkeys
confined as pets in several houses in the region, and we have received personal
communications from local people that agree that this species is poached in the region for

pet trade.

Overall, the observed effects of proximal predictors on stress levels would suggest
that spider monkeys in fragmented landscapes are more stressed than in continuous forests
as the literature indicates that: (i) spider monkeys in forest fragments spend less time
resting than in continuous forests (see a review of spider monkey’s activity pattern through
their geographic range: [71]); and (ii) fruit availability, and their consumption by primates,

tends to be lower in forest fragments than in large forest tracts (e.g., [72,73]).

Verifying that fruit availability is a key habitat component for primate stress levels
[28,67] we found that fGC levels were negatively associated with SBAFS, which highlights
the importance of preserving fruit sources for primate conservation [49,73]. However,
contrary to what we could expect, in our study region, spider monkeys living in smaller
tracts of habitat spent less time traveling (year round study: [42]; F4 and F5: Fig 2a).
Moreover, these groups have high SBAFSs within their activity areas (F4 and F5: Table 2),
and accordingly, fruit consumption did not differ among the study groups regardless of the

size of the forest they inhabited (Fig 2c¢). The lower net energy return associated with
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higher traveling times but similar consumption of energy-rich fruit presented in spider
monkeys living in the landscapes with highest forest cover would explain why contrary to
what has been observed in other studies with primates [22,24,29,52], in our study, forest

cover was positively associated with fGC levels.

The reason behind why in our study spider monkeys living in larger tracts of forest
spent more time traveling compared to those living in smaller forest fragments requires
further study. A possible explanation for this is that these groups have more neighboring
groups (MA and F1: Table 2), which might force them to spend more time patrolling their
home range. Along the same lines, Rimbach et al. [74] report that fGC levels in spider
monkeys (A. hybridus) may increase as a consequence of competition for fruit
monopolization, and this competition could be higher in larger tracts of forest with more
neighboring groups. As for the lack of differences in fruit consumption among the study
groups, this is probably related to the fact that deforestation in the region is relatively recent
(< 40 years ago), the remaining forest cover is relatively high (approximately 40%), and the
matrix that surrounds the forest fragments is highly heterogeneous; factors that together can
contribute to reduce tree species mortality [75]. This is supported by Hernandez-Ruedas et
al. [75], who also found that in our study region, small forest fragments still harbor similar

values of tree basal area and tree species density than the continuous forest.

Concluding remarks

Our study highlights the complex relationship between habitat transformation processes and
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primate stress levels, and the usefulness of assessing proximal and distal predictors of stress
for obtaining a comprehensive understanding about the effects of habitat disturbance on
animal physiology [20]. Unexpectedly, we found that spider monkeys living in smaller
forest tracts had lower levels of fGCs, which we ultimately attributed to the lack of
neighboring groups, and relatively high levels of resources probably associated to the
recent and moderate degree of deforestation in the region [75]. However, our data suggests
that the proximal driver of the relatively lower stress levels of these groups was a higher net
energy return due to reduced activity but similar consumption of energy-rich fruit. Finally,
we want to emphasize that these results should not be taken as a sign that spider monkeys
in forest fragments are not threatened by extinction, as recent studies in the region
demonstrate that the future of biodiversity in this region is uncertain (terrestrial mammals:
[76]; primates: [31]; plants: [75]; birds: [12]; dung beetles: [77]) as there is increasing
regional support for the production of oil palm (Elaeis guineensis) plantations [78], and
forest loss is advancing at alarming rates (2.1% of annual loss; [79]). Thus, further studies
are required to monitor the health of the remaining populations (e.g., through fGC analyses)
to obtain a better understanding about the viability of spider monkeys in this biodiversity

hotspot.

Acknowledgments

This research was in part supported by the Consejo Nacional de Ciencia y Tecnologia

55



(CONACYT Project VER-2008-C02-109147). This paper constitutes a partial fulfillment of
the Programa de Posgrado en Ciencias Biologicas of the Universidad Nacional Autbnoma
de México (UNAM). We specially thank to Dr. A. Z. Rodas-Martinez for conducting the
parallelism and accuracy tests, S. A. Ponce-Navarro for provided us the SPOT images, and
S. Nicasio-Arzeta for analyzed the maps. We also thank the people of the ejidos of La
Corona and Reforma Agraria for allowing us to conduct this study in their natural reserves.

Finally, we thank G. Jamangape for his invaluable field assistance.

Author Contributions

Conceived and designed the experiments: JDOG JCA VAR AMSD MCR. Performed the
experiments: JDOG RAV. Analyzed the data: JDOG JCA VAR. Contributed
reagents/materials/analysis tools: JDOG AMSD MCR. Contributed to the writing of the

manuscript: JDOG JCA VAR MCR.

References

1. Ellis EC. Sustaining biodiversity and people in the world’s anthropogenic biomes. Curr

Opin Env Sust. 2013; 5: 368-372. doi: 10.1016/j.cosust.2013.07.002.

2. Hansen MC, Potapov PV, Moore R, Hancher M, Turubanova SA, Tyukavina A, et al.
High-resolution global maps of 21st-Century forest cover change. Science. 2013;

342: 850-853. doi: 10.1126/science.1244693.

56



3. Gardner TA, Barlow J, Chazdon R, Ewers RM, Harvey CA, Peres CA, et al. Prospects
for tropical forest biodiversity in a human-modified world. Ecol Lett. 2009; 12:

561-582. doi: 10.1111/].1461-0248.2009.01294.x.

4. Didham RK, Kapos V, Ewers RM. Rethinking the conceptual foundations of habitat
fragmentation research. Oikos, 2012; 121: 161-170. doi: 10.1111/j.1600-

0706.2011.20273.x.

5. Tscharntke T, Tylianakis JM, Rand TA, Didham RK, Fahrig L, Batary P, et al.
Landscape moderation of biodiversity patterns and processes - eight hypotheses.

Biol Rev. 2012; 87: 661-685. doi: 10.1111/j.1469-185X.2011.00216.x.

6. Cristobal-Azkarate J, Arroyo-Rodriguez V. Diet and activity pattern of howler monkeys
(Alouatta palliata) in Los Tuxtlas, Mexico: effects of habitat fragmentation and
implications for conservation. Am J Primatol. 2007; 69: 1013-1029. doi:

10.1002/ajp.20420.

7. Orddfiez-Gomez JD, Arroyo-Rodriguez V, Nicasio-Arzeta S, Cristobal-Azkarate J.
Which is the appropriate scale to assess the impact of landscape spatial
configuration on the diet and behavior of spider monkeys? Am J Primatol. 2015; 77:

56-65. doi: 10.1002/ajp.22310.

8. Cristobal-Azkarate J, Vea JJ, Asensio N, Rodriguez-Luna E. Biogeographical and
floristic predictors of the presence and abundance of mantled howlers (Alouatta
palliata mexicana) in rainforest fragments at Los Tuxtlas, Mexico. Am J Prmatol.

2005; 67: 209-222. doi: 10.1002/ajp.20178.

57



9. Arroyo-Rodriguez V, Aguirre A, Benitez-Malvido J, Mandujano S. Impact of rain forest
fragmentation on the population size of a structurally important palm species:
Astrocaryum mexicanum at Los Tuxtlas, Mexico. Biol Conserv. 2007; 138: 198-

206. doi: 10.1016/j.biocon.2007.04.016.

10. Arroyo-Rodriguez V, Pineda E, Escobar F, Benitez-Malvido J. Value of small patches
in the conservation of plant-species diversity in highly fragmented rainforest.

Conserv Biol. 2009; 23: 729-739. doi: 10.1111/j.1523-1739.2008.01120.x.

11. Thornton DH, Branch LC, Sunquist ME. The relative influence of habitat loss and
fragmentation: Do tropical mammals meet the temperate paradigm? Ecol Appl.

2011; 21: 2324-2333. doi: 10.1890/10-2124.1.

12. Carrara E, Arroyo-Rodriguez V, Vega-Rivera JH, Schondube JE, de Freitas SM,
Fahrig, L. Impact of landscape composition and configuration on forest specialist
and generalist bird species in the fragmented Lacandona rainforest, Mexico. Biol

Conserv. 2015; 184: 117-126. doi: 10.1016/j.biocon.2015.01.014.

13. Jackson HB, Fahrig L. Are ecologists conducting research at the optimal scale? Global

Ecol Biogeogr. 2015; 24: 52—-63. doi: 10.1111/geb.12233.

14. Genuth SM. The endocrine system. In: Berne RM, Levy MN, editors. Physiology. 3rd

ed. Philadelphia: Mosby Year Book; 1993. pp. 813-1024.

15. Stratakis CA, Chrousos GP. Neuroendocrinology and pathophysiology of the stress
system. Ann N 'Y Acad Sci. 1995; 771: 1-18. doi: 10.1111/].1749-

6632.1995.th44666.X.

58



16. Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids influence

stress responses? Integrating permissive, suppressive, stimulatory, and preparative
actions. Endocr Rev. 2000; 21: 55-89. doi: 10.1210/edrv.21.1.0389.

17. Sapolsky RM. Endocrinology of the stress-response. In: Becker JB, Breedlove SM,
Crews D, McCarthy MM, editors. Behavioral Endocrinology. Cambridge: MIT

Press; 2002. pp. 409-450.

18. Wingfield JC, Romero LM. Adrenocortical responses to stress and their modulation in
free-living vertebrates. In: McEwen BS, editor. Handbook of physiology, Section 7:
The endocrine system Vol. 1V: Coping with the environment: Neural and endocrine
mechanisms. New York: Oxford University Press; 2001. pp. 211-234. doi:

10.1002/cphy.cp070411.

19. Wingfield JC. The concept of allostasis: Coping with a capricious environment. J

Mammal. 2005; 86: 248-254. doi: http//dx.doi.org/10.1644/BHE-004.1.

20. Busch DS, Hayward LS. Stress in a conservation context: A discussion of
glucocorticoid actions and how levels change with conservation-relevant variables.

Biol Conserv. 2009; 142: 2844-2853. doi: 10.1016/j.biocon.2009.08.013.

21. Chapman CA, Wasserman MD, Gillespie TR, Speirs ML, Lawes MJ, Saj TL, et al. Do
food availability, parasitism, and stress have synergistic effects on red colobus

populations living in forest fragments? Am J Phys Anthropol. 2006; 131: 525-534.

doi: 10.1002/ajpa.20477.

59



22.

23.

24.

25.

26.

217.

28.

Martinez-Mota R, Valdespino C, Sdnchez-Ramos MA, Serio-Silva JC. Effects of forest
fragmentation on the physiological stress response of black howler monkeys. Anim

Conserv. 2007; 10: 374-379. doi: 10.1111/j.1469-1795.2007.00122.x.

Balestri M, Barresi M, Campera M, Serra V, Ramanamanjato JB, Heistermann M, et al.
Habitat degradation and seasonality affect physiological stress levels of Eulemur
collaris in littoral forest fragments. PloS ONE. 2014; 9(9): e107698. doi:

10.1371/journal.pone.0107698.

Dunn JC, Cristébal-Azkarate J, Schulte-Herbriiggen B, Chavira R, Vea JJ. Travel time
predicts fecal glucocorticoid levels in free-ranging howlers (Alouatta palliata). Int J

Primatol. 2013; 34: 246-259. doi: 10.1007/s10764-013-9657-0.

Muller MN, Wrangham RW. Dominance, cortisol and stress in wild chimpanzees (Pan
troglodytes schweinfurthii). Behav Ecol Sociobiol. 2004; 55: 332-340. doi:

10.1007/s00265-003-0713-1.

Foerster S, Monfort SL. Fecal glucocorticoids as indicators of metabolic stress in
female Sykes' monkeys (Cercopithecus mitis albogularis). Horm Behav. 2010; 58:

685-697. doi: 10.1016/j.yhbeh.2010.06.002.

Foerster S, Cords M, Monfort SL. Seasonal energetic stress in a tropical forest primate:
Proximate causes and evolutionary implications. 2012; PLoS ONE 7(11): e50108.

doi: 10.1371/journal.pone.0050108.

Behie AM, Pavelka MSM, Chapman CA. Sources of variation in fecal cortisol levels in

howler monkeys in Belize. Am J Primatol. 2010; 72: 600-606. doi:

60



10.1002/ajp.20813.

29. Gomez-Espinosa E, Rangel-Negrin A, Chavira R, Canales-Espinosa D, Dias PAD. The
effect of energetic and psychosocial stressors on glucocorticoids in mantled howler
monkeys (Alouatta palliata). Am J Primatol. 2014; 76: 362-373. doi:

10.1002/ajp.22240.

30. Rimbach R, Link A, Heistermann M, Gomez-Posada C, Galvis N, Heymann EW.
Effects of logging, hunting, and forest fragment size on physiological stress levels
of two sympatric ateline primates in Colombia. Conserv Physiol. 2013; 1: cot031.

doi: 10.1093/conphys/cot031.

31. Arroyo-Rodriguez V, Gonzalez-Perez IM, Garmendia A, Sola M, Estrada A. The
relative impact of forest patch and landscape attributes on black howler monkey
populations in the fragmented Lacandona rainforest, Mexico. Landscape Ecol. 2013;

28:1717-1727. doi: 10.1007/s10980-013-9929-2.

32. Arroyo-Rodriguez V, Fahrig L. Why is a landscape perspective important in studies of

primates? Am J Primatol. 2014; 76: 901-909. doi: 10.1002/ajp.22282.

33. Gonzélez-Zamora A, Arroyo-Rodriguez V, Chaves OM, Sanchez-Lo6pez S, Stoner KE,
Riba-Hernandez P. Diet of spider monkeys (Ateles geoffroyi) in Mesoamerica:
Current knowledge and future directions. Am J Primatol. 2009; 71: 8-20. doi:

10.1002/ajp.20934.

34. Chaves OM, Stoner KE, Arroyo-Rodriguez V. Differences in diet between spider

monkey groups living in forest fragments and continuous forest in Mexico.

61



Biotropica. 2012; 44: 105-113. doi: 10.1111/].1744-7429.2011.00766.X.

35. Di Fiore A, Link A, Campbell CJ. The Atelines: behavioral and socioecological
diversity in a New World radiation. In: Campbell CJ, Fuentes A, MacKinnon KC,
Panger M, Beader SK, editors. Primates in Perspective. 2nd edition. Oxford: Oxford

University Press; 2011. pp. 155-188.

36. Michalski F, Peres CA. Anthropogenic determinants of primate and carnivore local
extinctions in a fragmented forest landscape of southern Amazonia. Biol Conserv.

2005; 124: 383-396. doi: 10.1016/j.biocon.2005.01.045.

37. Garber PA, Estrada A, Pavelka MSM. New perspective in the study of Mesoamerican
primates: Concluding comments and conservation priorities. In: Estrada A, Garber
PA, Pavelka MSN, Luecke L, editors. New perspectives in the study of

Mesoamerican primates. New York: Springer; 2006. pp. 563-584.

38. Boyle SA, Smith AT. Can landscape and species characteristics predict primate
presence in forest fragments in the Brazilian Amazon? Biol Conserv. 2010; 143:

1134-1143. doi: 10.1016/j.biocon.2010.02.008.

39. Cuarén AD, Morales A, Shedden A, Rodriguez-Luna E, de Grammont PC, Cortés-
Ortiz. 2008. IUCN red list of threatened species. Version 2015.2. Available:

http://www.iucnredlist.org/details/2279/0. Accessed 5 September 2015.

40. Gonzélez-Zamora A, Arroyo-Rodriguez V, Escobar F, Réss M, Oyama K, Ibarra-
Manriquez G, et al. Contagious deposition of seeds in spider monkeys’ sleeping

trees limits effective seed dispersal in fragmented landscapes. PLoS ONE. 2014;

62



9(2): €89346. doi: 10.1371/journal.pone.0089346.

41. Gonzélez-Zamora A, Arroyo-Rodriguez V, Escobar F, Oyama K, Aureli F, Stoner, KE.
Sleeping-tree fidelity of the spider monkey shapes community-level seed-rain
patterns in continuous and fragmented rain forests. J Trop Ecol. 2015; 31: 305-313.

doi: http//dx.doi.org/10.1017/SO26646741500022X.

42. Chaves OM, Stoner KE, Arroyo-Rodriguez V. Seasonal differences in activity patterns
of geoffroyi’s spider monkeys (Ateles geoffroyi) living in continuous and
fragmented forests in southern Mexico. Int J Primatol. 2011; 32: 960-973. doi:

10.1007/s10764-011-9515-x.

43. Martinez E. Marqueés de Comillas. In: Lichtinger V, Enkerlin E, Enriquez C, Garcia P,
editors. La Deforestacion en 24 Regiones PRODERS. Mexico City: Secretaria de

Medio Ambiente y Recursos Naturales; 2003. pp. 124-131.

44, Altmann J. Observational study of behavior: Sampling methods. Behaviour. 1974; 49:

227-267. doi: 10.1163/156853974X00534.

45. Fahrig L. Effects of habitat fragmentation on biodiversity. Annu Rev Ecol Evol Syst.

2003; 34: 487-515. doi: 10.1146/annurev.ecolsys.34.011802.1324109.

46. Fahrig L. Rethinking patch size and isolation effects: the habitat amount hypothesis. J

Biogeogr. 2013; 40: 1649-1663. doi: 10.1111/jbi.12130.

47. Chapman CA, Chapman LJ, Wrangham R, Hunt K, Gebo D, Gardner L. Estimators of
fruit abundance of tropical trees. Biotropica. 1992; 24: 527-531. doi:

10.2307/2389015.

63



48. Stevenson PR, Quifiones MJ, Ahumada JA. Annual variation in fruiting pattern using
two different methods in a lowland tropical forest, Tinigua National Park,
Colombia. Biotropica. 1998; 30: 129-134. doi: 10.1111/j.1744-

7429.1998.th00376.X.

49. Wieczkowski J. Ecological correlates of abundance in the Tana mangabey (Cercocebus

galeritus). Am J Primatol. 2004; 63: 125-138. doi: 10.1002/ajp.20046.

50. Arroyo-Rodriguez V, Mandujano S, Benitez-Malvido J, Cuende-Fanton C. The
influence of large tree density on howler monkey (Alouatta palliata mexicana)
presence in very small rain forest fragments. Biotropica. 2007; 39: 760-766. doi:

10.1111/j.1744-7429.2007.00330.x.

51. Aureli F, Schaffner CM. Social interactions, social relationships and social system of
spider monkeys. In: Campbell CJ, editor. Spider monkeys: Behavior, Ecology and
Evolution of the Genus Ateles. Cambridge: Cambridge University Press; 2008. pp.

236-265.

52. Rangel-Negrin A, Alfaro JL, Valdez RA, Romano MC, Serio-Silva JC. Stress in
Yucatan spider monkeys: effects of environmental conditions on fecal cortisol
levels in wild and captive populations. Anim Conserv. 2009; 12: 496-502. doi:

10.1111/j.1469-1795.2009.00280.x.

53. Romano MC, Rodas-Martinez AZ, Valdez RA, Hernandez SE, Galindo F, Canales D, et
al. Stress in wildlife species: Noninvasive monitoring of glucocorticoids.

Neuroimmunomodulation. 2010; 17: 209-212. doi: 10.1159/000258726.

64



54,

55.

56.

S7.

58.

59.

60.

61.

Rodas-Martinez AZ, Canales D, Brousset DM, Swanson WF, Romano MC. Assessment
of adrenocortical and gonadal hormones in male spider monkeys (Ateles geoffroyi)
following capture, restraint and anesthesia. Zoo Biol. 2013; 32: 641-647. doi:

10.1002/z00.21101.

Brown JL, Wasser SK, Wildt DE, Graham LH. Comparative aspects of steroid hormone
metabolism and ovarian activity in felids, measured noninvasively in feces. Biol

Reprod. 1994; 51: 776-786. doi: 10.1095/biolreprod51.4.776.

Brousset DM. Efecto del enriquecimiento ambiental sobre el bienestar de tres especies
de felinos mexicanos en peligro de extincion (ocelote, margay y jaguarundi)
mantenidos en cautiverio. Ph. D. dissertation, Universidad Nacional Autdnoma de

México. 2003.

Milton K. Food choice and digestive strategies of two sympatric primate species. The

Am Nat. 1981; 117: 496-505. doi: 10.1086/283730.

Bates D, Maechler M, Bolker B, Walker S. Ime4: Linear mixed-effects models using
Eigen and S4. R package version 1.1-8; 2015. Available: http://cran.r-

project.org/package=Ime4. Accessed: 1 June 2015.

Barton K. Package “MuMIn”; 2015. Available: https://cran.r-

project.org/web/packages/MuMIn/MuMIn.pdf. Accessed: 1 June 2015.

Chatterjee S, Hadi AS. Regression analysis by example. 5th ed. New York: Wiley;

2012.

Fox J, Weisberg S. An R companion to applied regression. 2nd ed. London: SAGE

65



62

63

64

65

66

67

68

Publications; 2011.

. Burnham KP, Anderson DR. Model selection and Multimodel Inference, a Practical

Information-Theoretic Approach. 2nd ed. New York: Springer Science + Bussines

Media Inc; 2002.

. Hothorn T, Bretz F, Westfall P. Simultaneous Inference for General Linear Hypotheses;

2015. Available: http://CRAN.R-project.org/package=multcomp. Accessed: 30

October 2015.

. Lenth RV. Using the Ismeans Package. The University of lowa; 2013.

. R Development Core Team. R: A language and environment for statistical computing.

Vienna, Austria: R Foundation for Statistical Computing; 2007. Available:

http://www.R-project.org.

. Cavigelli SA. Behavioural patterns associated with faecal cortisol levels in free-ranging

female ring-tailed lemurs, Lemur catta. Anim Behav. 1999; 57: 935-944. doi:

10.1006/anbe.1998.1054.

. Gesquiere LR, Khan M, Shek L, Wango TL, Wango EO, Alberts SC, et al. Coping with

a challenging environment: Effects of seasonal variability and reproductive status
on glucocorticoid concentrations of female baboons (Papio cynocephalus). Horm

Behav. 2008; 54: 410-416. doi: 10.1016/j.yhbeh.2008.04.007.

. Bryan HM, Smits JEG, Koren L, Paquet PC, Wynne-Edwards KE, Musiani, M. et al.
Heavily hunted wolves have higher stress and reproductive steroids than wolves

with lower hunting pressure. Funct Ecol. 2015; 29: 347-356. doi: 10.1111/1365-

66



2435.12354.

69. Peres CA. Effects of subsistence hunting on vertebrate community structure in
Amazonian forests. Conserv Biol. 2000; 14: 240-253. doi: 10.1046/j.1523-

1739.2000.98485.x.

70. Duarte-Quiroga A, Estrada A. Primates as pets in Mexico city: An assessment of the
species involved, source of origin, and general aspects of treatment. Am J Primatol.

2003; 61: 53-60. doi: 10.1002/ajp.10108.

71. Gonzalez-Zamora A, Arroyo-Rodriguez V, Chaves OM, Sanchez-Lopez S, Aureli F,
Stoner KE. Influence of climatic variables, forest type, and condition on activity
patterns of geoffroyi’s spider monkeys throughout Mesoamerica. Am J Primatol.

2011; 73: 1189-1198. doi: 10.1002/ajp.20989.

72. Arroyo-Rodriguez V, Mandujano S. Forest fragmentation modifies habitat quality for
Alouatta palliata. Int J Primatol. 2006; 27: 1079-1096. doi: 10.1007/s10764-006-

9061-0.

73. Dunn JC, Cristobal-Azkarate J, Vea JJ. Differences in diet and activity pattern between
two groups of Alouatta palliata associated with the availability of big trees and fruit

of top food taxa. Am J Primatol. 2009; 71: 654-662. doi: 10.1002/ajp.20700.

74. Rimbach R, Link A, Montes-Rojas A, Di Fiore A, Heistermann M, Heymann EW.
Behavioral and physiological responses to fruit availability of spider monkeys
ranging in a small forest fragment. Am J Primatol. 2014; 76: 1049-1061. doi:

10.1002/ajp.22292.

67



75. Hernandez-Ruedas MA, Arroyo-Rodriguez V, Meave JA, Martinez-Ramos M, ibarra-
Manriquez G, Martinez E, et al. Conserving tropical tree diversity and forest
structure: The value of small rainforest patches in moderately-managed landscapes.

PLoS ONE. 2014; 9(6): €98931. doi: 10.1371/journal.pone.0098931.

76. Garmendia A, Arroyo-Rodriguez V. Estrada A, Naranjo EJ, Stoner KE. Landscape and
patch attributes impacting medium- and large-sized terrestrial mammals in a
fragmented rain forest. J Trop Ecol. 2013; 29: 331-344. doi:

http://dx.doi.org/10.1017/S0266467413000370.

77. Sdnchez-de-Jesus HA, Arroyo-Rodriguez V, Andresen E, Escobar F. Forest loss and
matrix composition are the major drivers shaping dung beetle assemblages in a

fragmented rainforest. Landscape Ecol. 2015; (in press).

78. SAGARPA. Secretaria de Agricultura, Ganaderia, Desarrollo Rural, Pesca y
Alimentacion. Proyectos Estratégicos — Tropico Humedo. Available:

http://www.sagarpa.gobh.mx/ProgramasSAGARPA/2013/protrans/tropicohumedo/Pa

ginas/Descripci%C3%B3n.aspx.

79. Couturier S, Nufiez JM, Kolb M. Measuring tropical deforestation with error margins:
A method for REDD monitoring in south-eastern Mexico. In: Sudarshana P,
Nageswara-Rao M, Soneji JR, editors. Tropical Forests. Shangai: InTech; 2012. pp.

269-296.

68



Supporting Information

Table S1. Basal areas (m?) of tree species used by the spider monkey (Ateles geoffroyi)
for fruit consumption from six different sites located in the Lacandona rainforest,
Mexico. For each site, basal areas were estimated within twenty 50 x 2-m plots (0.2
ha).

(DOC)

Table S2. Linear mixed models (LMMs) with a AAIC < 2 examining the effect of
proximal and distal predictors of log-transformed fecal glucocorticoid levels of six
groups of spider monkeys (Ateles geoffroyi) inhabiting the Lacandona rainforest,
Mexico. Samples (nested within groups) and observation days (nested within sampling
rounds) were specified as random factors in all models. Marginal R? (M R?) represents the
variance explained by fixed factors, and conditional R? (C R?) represents the variance
explained by both fixed and random factors. TT = Time traveling, TR = Time resting, DAD
= Direct anthropogenic disturbances, TFF = Time feeding on fruit, TFW = Time Feeding
on Wood, TFL= Time feeding on leaves, SBAFS = Sum of the basal areas of fruiting-tree
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Table 1. Pearson correlation coefficients between each landscape metric and the mean of log-transformed fecal glucocorticoid (fGC)
values of six spider monkey (Ateles geoffroyi) groups in the Lacandona rainforest, Mexico.

Landscape metric/response variable Size (ha) of local landscape*
50 84 126 177 237 305 382 468 562 665
Forest cover vs log (fGC levels) 0.592 0527 0510 0518 0529 0540 0547 0547 0551  0.549

Number of fragments vs log (fGC levels) -0.558 -0.247 -0.240 0.096 -0.037 -0.005 -0.176 -0.304 -0.050 -0.095

*We indicate the highest coefficient values for each predictor in boldface.
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Table 2. Variables used in linear mixed models to assess the effect of proximal and distal predictors of fecal glucocorticoid levels on
six groups of spider monkeys (Ateles geoffroyi) living in the Montes Azules Biosphere Reserve (MA) and five sites (F1-F5) in the
Lacandona rainforest, Mexico.

MA F1 F2 F3 F4 F5
Characteristics of the study sites
Distal predictors
Forest cover (%) in a 50-ha local landscape 100 98.2 62.0 51.5 34.1 21.9
Number of fragments in a 50-ha local landscape 0 1 1 2 1 4
SBAFS (m?) in 0.2 ha of sampling area per site® 7.6 7.1 4.2 4.7 5.9 6.3
Number of spider monkey groups” >5 3 2 2 1 1
Site size (ha) 330,000 1,125 460 141 67 28
Characteristics of the study groups
Proximal predictors (N = 54, 9 samples per group)
Mean percentage of time traveling (xSD) 25.4 (+5.5) 20.0 (x3.1) 19.8 (+4.6) 19.5 (¢4.1) 14.6 (£3.4) 12.9 (£3.9)
Mean percentage of time resting (£SD) 39.9 (x6.4) 44.6 (x12.1) 50.2 (£9.4) 51.4 (£7.6) 54.7 (x4.7) 47.9 (£9.9)
Mean percentage of time feeding on fruit (xSD) 12.7 (£6.6) 24.2 (+15.3) 12.1 (+4.8) 11.8 (£3.9) 14.1 (£8.5) 17.9 (£14.9)
Mean percentage of time feeding on leaves (xSD) 2.7 (£1.6) 3.6 (£2.5) 3.4 (x4.2) 6.6 (£7.1) 10.5 (24.7) 6.2 (£5.3)
Mean percentage of time feeding on wood (£SD) 12.7 (£6.8) 1.4 (£2.8) 1.0 (x1.5) 0.5 (£0.8) 0.32 (x0.65) 0.7 (£1.2)
Presence of direct anthropogenic disturbances® No-disturbance  No-disturbance Hunting Logging No-disturbance  No-disturbance
Characteristics of the response variable (N = 252)
Mean (+SD) values of fGC levels (nggn™) 255 +40 216 £ 19 33943 294 + 46 134+ 18 113+£12
Feces collected® (N) 44 45 35 44 44 40

%Sum of basal areas of fruiting-tree species used by the spider monkey for fruit consumption.

®Number of groups living in the studied fragments and in MA (Montes Azules Biosphere Reserve).

“Distribution of collected samples across direct anthropogenic disturbances: No-disturbance = 188; Logging = 33; Hunting = 31.
“Distribution of collected samples across sexual status categories and collection time categories: Sexual status: Males = 82; Lactating
female = 117; Non-lactating female = 53; Collection time: AM = 144; PM = 108.
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Table 3. Results of the best-supported linear mixed models examining the effect of
proximal and distal predictors on log-transformed fecal glucocorticoid levels of six groups
of spider monkeys (Ateles geoffroyi) in the Lacandona rainforest, Mexico.

Predictor variables / Models Estimate SE/d.f.* thy>** P*>* VIF AIC MR?> CR?

Proximal predictors

TT+TR+TFF+TFW+DAD 139.82 0.321 0.404
Intercept 2.779 0.317 8.773  0.000
Time travelling 0.020 0.006 3.633 0.001 1.704
Time resting -0.013 0.004 -3.023 0.004 1.855
Time feeing on fruit -0.007 0.004 -1.842  0.070 1.785
Time feeding on wood -0.009 0.005 -1.771  0.081 1.323
Direct anthropogenic 2 9.508  0.001

disturbances

Sexual status 2 0.268 0.875

Collection time 1 1.759 0.185

Distal predictors

Forest Cover+SBAFS 165.7 0.113 0.381
Intercept 2.338 0.170  13.208 0.000

Forest cover 0.005 0.001 3.648 0.001 1.384

SBAFS -0.072 0.032 -2.267 0.028 1.384

Collection time 1 1742  0.187

Sexual status 2 0.143  0.931

In all models, samples (nested within groups) and observation days (nested within sampling
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rounds) were specified as random factors. The variance inflation factor (VIF) is indicated
for continuous variables. Marginal R? (M R?) represents the variance explained by fixed
factors, and conditional R? (C R?) represents the variance explained by both fixed and
random factors. TT = Time traveling, TR = Time resting, TFF = Time feeding on fruit,
TFW = Time feeding on wood, DAD = Direct anthropogenic disturbances, SBAFS = Sum
of basal areas of fruiting-tree species used by the spider monkey for fruit consumption.
Variables that significantly affected fGC levels in boldface.

*For continuous variables we reported the standard error, and for categorical variables the
degrees of freedom (d.f.).

*For continuous variables we reported the t value, and for categorical variables the y* value.
**For continuous variables we reported the P of the t value, and for categorical variables
the P of the y* value.
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Table 4. Results of linear mixed models examining the differences of the daily activity
pattern and diet among six groups of spider monkeys (Ateles geoffroyi) that inhabited

different sites located in the Lacandona rainforest, Mexico.

Behavior Site
v d.f. P
Time traveling 36.946 5 0.000*
Time resting 6.239 5 0.284
Time feeding on fruit 3.291 5 0.654
Time feeding on leaves 20.444 5 0.001*
Time feeding on wood 69.583 5 0.000*

*P < 0.01 i.e., significant value obtained after applying the Bonferroni correction for

multiple tests.
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Fig 1. Mean (xSE) log fecal glucocorticoid (fGC) levels of direct anthropogenic
disturbances presented at six groups (MA, F1, F2, F3, F4, F5) of spider monkeys
(Ateles geoffroyi) living in the fragmented Lacandona rainforest, Mexico. Letters
indicate significant differences (P < 0.05) among direct anthropogenic disturbances.
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Fig 2. Relationships between means (£SE) of log-transformed fecal glucocorticoid
(fFGC) levels (squares) and means (£SE) of the arcsine-square-root (ASR)
transformed of the proportion of the percentage of the daily time budgets (rhombus)
of six groups of spider monkeys (Ateles geoffroyi) living in the fragmented
Lacandona rainforest, Mexico. TT = time traveling; TR = time resting; TFF = time
feeding on fruit; TFL = time feeding on leaves; TFW = time feeding on wood. Letters
indicate significant differences (P < 0.05) among sites, and black lines in squares indicate
the occurrence of direct anthropogenic disturbances within the sites.
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Table S1. Basal areas (m?) of tree species used by the spider monkey (Ateles geoffroyi) for fruit consumption from six different sites

located in the Lacandona rainforest, Mexico. For each site, basal areas were estimated within twenty 50 x 2-m plots (0.2 ha).

Family Tree species CF F1 F2 F3 F4 F5 Sum
Moraceae Brosimum alicastrum 0.476 0.945 0.297 0.935 0.876 0.237 3.766
Brosimum costaricanum 0.014 0.016 0 0 0 0 0.03
Brosimum lactescens 0.051 0.062 0 0 0 0 0.113
Castilla elastica 0 0.149 0494 0.241 0.109 0 0.993
Ficus sp. 1 0 0 0 0 0.016 0 0.016
Ficus sp. 2 0 0 0 0 0.027 0 0.027
Ficus cotinifolia 0 0 0 0.047 0 0 0.047
Ficus insipida 0 0 0 0 1.745 0 1.745
Ficus tecolutensis 0.534 1.82 0 0 1.328 0.029 3.711
Maclura tinctoria 0 0 0 0 0 0.139 0.139
Pseudolmedia oxyphyllaria 0.034 0 0 0 0 0 0.034
Trophis mexicana 0 0 0 0 0 0.589 0.589
Trophis racemosa 0 0 0 0.063 0 0.401 0.464
Sum 1.109 2992 0791 1.286 4.101 1.395 11.674
Fabaceae Acacia cornigera 0 0.015 0 0.044 0 0.204 0.263
Acacia usumacintensis 0 0 0 0 0 0.166 0.166
Cojoba arborea 0.996 0 0.262 0 0 0 1.258
Dialium guianense 1.194 1.743 0.126 1.265 0.088 0.514 4.93
Inga punctata 0.273 0 0 0 0 0 0.273
Inga vera 0 0 0 0 0.082 0.215 0.297
Lonchocarpus cruentus 0 0.013 0 0 0 0 0.013
Lonchocarpus guatemalensis 0 0 0.014 0.278 0 0.134 0.426
Pithecellobium arboreum 0 0.254 0 0 0.012 0 0.266
Pterocarpus rohrii 0.166 0.012 0 0 0 0 0.178
Sum 2.629 2.037 0402 1587 0.182 1.233 8.07
Malvaceae Guazuma ulmifolia 0 0 0 0 0 0.142 0.142
Quararibea funebris 0.464 0 0.019 0 0 0 0.483
Quararibea yunckeri 0 0 0.008 0 0 0 0.008
Theobroma cacao 0.025 0 0 0 0.215 0.84 1.08
Sum 0.489 0 0.027 0 0.215 0.982 1.713
Anacardiaceae Mangifera indica 0 0 0 0 0 0.506 0.506
Spondias mombin 0 0 0.271 0 0 0.071 0.342
Spondias radlkoferi 0.289 0.027 0291 0.041 0.053 0.378 1.079

77



Sum 0.289 0.027 0562 0.041 0.053 0.955 1.927

Sapotaceae Pouteria durlandii 0.164 0.015 0 0.158 0.011 0 0.348
Pouteria campechiana 0 0.047 0.013 0.042 0 0 0.102

Pouteria sapota 0 0 0 0 0 0.619 0.619

Sum 0.164 0.062 0.013 0.2 0.011 0.619 1.069
Chrysobalanaceae Hirtella americana 0 0 0.018 0 0 0 0.018
Licania platypus 1.423 0.765 0 0 0.779 0.545 3.512

Sum 1.423 0.765 0.018 0 0.779 0.545 3.53

Arecaceae Attalea butyracea 0 0 0.076  0.193 0.128 0.127 0.524
Sabal mexicana 0 0.252 0596 0411 0 0.051 131

Sum 0 0.252 0.672 0.604 0.128 0.178 1.834

Meliaceae Guarea excelsa 0 0 0 0.138 0.128 0 0.266
Guarea glabra 0.352 0.117 0 0.214  0.094 0 0.777

Sum 0.352 0.117 0 0.352 0.222 0 1.043

Burseraceae Bursera simaruba 0.198 0 0.53 0.123 0 0 0.851
Protium copal 0.022 0.043 0 0.008 0.01 0 0.083

Sum 0.22 0.043 0.53 0.131 0.01 0 0.934

Rubiaceae Faramea occidentalis 0.008 0.012 0.025 0 0 0 0.045
Psychotria chiapensis 0.011 0 0 0 0 0 0.011

Sum 0.019 0.012  0.025 0 0 0 0.056

Ulmaceae Ampelocera hottlei 0.684 0.028 0451 0.118 0.011 0 1.292
Sum 0.684 0.028 0451 0.118 0.011 0 1.292

Icacinaceae Calatola laevigata 0 0.349 0.117 0.136 0 0.274 0.876
Sum 0 0.349 0.117 0.136 0 0.274 0.876

Lauraceae Nectandra ambigens 0 0.202 0.095 0.019 0.076 0 0.392
Sum 0 0.202 0.095 0.019 0.076 0 0.392

Clusiaceae Garcinia intermedia 0 0.169 0 0.188 0.01 0 0.367
Sum 0 0.169 0 0.188 0.01 0 0.367
Boraginaceae Cordia bicolor 0 0.008  0.149 0 0 0.092 0.249
Sum 0 0.008 0.149 0 0 0.092 0.249
Magnoliaceae Talauma mexicana 0.236 0 0 0 0 0 0.236
Sum 0.236 0 0 0 0 0 0.236
Polygonaceae Coccoloba barbadensis 0 0 0.228 0 0 0 0.228
Sum 0 0 0.228 0 0 0 0.228
Combretaceae Terminalia amazonia 0 0 0.059 0 0 0 0.059
Sum 0 0 0.059 0 0 0 0.059
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Annonaceae Cymbopetalum mayanum 0.018 0 0.012 0 0 0 0.03
Sum 0.018 0 0.012 0 0 0 0.03
Sapindaceae Cupania glabra 0 0 0 0 0.018 0 0.018
Sum 0 0 0 0 0.018 0 0.018
Urticaceae Cecropia obtusifolia 0 0 0 0 0.01 0 0.01
Sum 0 0 0 0 0.01 0 0.01
Euphorbiaceae Sapium nitidum 0 0 0 0 0.001 0 0.001
Sum 0 0 0 0 0.001 0 0.001
Total sum 7.632 .063 4151 4662 5.827 273 35.608
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Table S2. Linear mixed models (LMMs) with a AAIC < 2 examining the effect of
proximal and distal predictors of log-transformed fecal glucocorticoid levels of six groups
of spider monkeys (Ateles geoffroyi) inhabiting the Lacandona rainforest, Mexico.

Model AlC AAIC  MFR? CR’
Proximal predictors
TT+TR+DAD+TFF+TFW 139.82 0 0.321 0.404
TT+RT+DAD 140.23 0.41 0.299 0.397
TT+TR+DAD+TFF+TFW+TFL 140.63 0.81 0.325 0.409
TT+TR+DAD+TFL 140.88 1.06 0.308 0.403
Distal predictors
Forest cover+SBAFS 165.7 0 0.113 0.381

Samples (nested within groups) and observation days (nested within sampling rounds)
were specified as random factors in all models. Marginal R? (M R?) represents the
variance explained by fixed factors, and conditional R? (C R?) represents the variance
explained by both fixed and random factors. TT = Time traveling, TR = Time resting,
DAD = Direct anthropogenic disturbances, TFF = Time feeding on fruit, TFW = Time
feeding on wood, TFL = Time feeding on leaves, SBAFS = Sum of the basal areas of
fruiting-tree species used by the spider monkey for fruit consumptio
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DISCUSION GENERAL Y CONCLUSIONES

Como resultado de la acelerada deforestacion que se esta presentando en los trépicos,
durante las Gltimas dos décadas se ha incrementado el nimero de trabajos dirigidos al
estudio de los efectos de la pérdida y fragmentacidn del habitat sobre el patrén diario de
actividades, la dieta y los niveles de estrés de primates. En general, estos estudios
muestran que en fragmentos pequerfios los primates presentan una flexibilidad conductual
(e.g., Boyle y Smith, 2010b; Chaves et al., 2011, 2012; Dunn et al., 2009) y fisiol6gica
(e.g., Chapman et al., 2006; Martinez-Mota et al., 2007; Rangel-Negrin et al., 2009) que
les permite encarar la escasez de alimento. Sin embargo, debido a que la mayoria de estos
estudios se han limitado a comparar el patron diario de actividades, la dieta y los niveles
de estrés de primates entre dos condiciones (e.g., fragmentos vs selva continua), los
analisis han sido estrictamente cualitativos (Arroyo-Rodriguez et al., 2013). Esto ha
impedido que se puedan establecer relaciones causales entre los atributos espaciales del
paisaje (e.g., composicion y configuracion espacial del habitat) y las variables de
respuesta, y por tanto, que no se cuente con informacion precisa para la realizacion de

planes de conservacion para primates que habitan en paisajes fragmentados.

En la presente tesis, se evaluaron las relaciones de diversos atributos de la
estructura espacial del paisaje con el patrén diario de actividades, la dieta y los niveles de
estrés de seis grupos de monos arafia que habitan en la selva Lacandona. Ademas, se
evalud el efecto de su patron diario de actividades, dieta, disturbios antropogénicos
directos (i.e., predictores proximales), y densidad de alimento (i.e., predictor distal), sobre
sus niveles de estrés. Asi, la presente tesis genera informacion valiosa para la realizacién
de planes de manejo y conservacion de monos arafia que habitan en el area fragmentada

de la selva Lacandona.

En el CAPITULO I de la tesis, los resultados muestran que la cobertura forestal es
la métrica del paisaje que presenta relaciones mas fuertes con el patrén diario de
actividades y la dieta del mono arafa, y que la escala del paisaje en la que se presentan
las relaciones mas altas (i.e., escala del efecto) es la de 126-ha (Fig. 3y 4: CAPITULO I).

La relacion positiva entre la cobertura forestal y el tiempo de viaje es consistente con los
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resultados reportados previamente para esta region, los cuales muestran que los monos
arafa invierten mayor tiempo en el viaje en selva continua que en fragmentos (Chaves et
al., 2011a). Esto sugiere que la mayor disponibilidad de habitat provoca que los monos
arafa inviertan mayor tiempo en el viaje, como posible consecuencia de contar una
mayor area para el forrajeo y el patrullaje. Por su parte, la relacion positiva entre la
cobertura forestal y el consumo de madera, puede explicarse si se considera que al igual
que la fruta, la madera que consumen los monos arafia se distribuye de manera parcheada
en el espacio, debido a que solo un pufiado de especies son utilizadas por el mono arafia
para el consumo de este recurso (Licania platypus, Ficus spp.) (Chaves et al., 2011b). Las
relaciones negativas de la cobertura forestal con el tiempo invertido en el descanso y el
consumo de hojas, sugieren que una menor area para el forrajeo ocasiona que los monos
arafia consuman una mayor cantidad de recursos que presentan una distribucién
homogénea en el espacio, y dan soporte a modelos socioecoldgicos de primates que
proponen que un incremento en el consumo de hojas, resulta en un aumento en el tiempo

de descanso (Korstjens et al., 2010).

Contrario a expectativas tedricas, no encontramos relaciones altas ni significativas
entra la cobertura forestal y el tiempo dedicado al consumo de fruta. Aunque este
resultado no fue esperado, puede explicarse si se considera que las areas de actividad de
los monos arafia que habitaron en los paisajes con menor cobertura forestal, presentaron
una densidad de fruta similar a la que presentaron las areas de actividad de los monos
arafia que habitaron en los paisajes con mayor cobertura forestal (Table 2: CApiTULO II).
El hecho de que los monos arafia puedan cubrir sus altos requerimientos energéticos en
paisajes con baja cobertura forestal, pero alta densidad de fruta, puede sustentarse con
trabajos que reportan que los monos arafia pasan la mayor parte de su tiempo en areas de
2 a 6 veces menores al area total de su ambito hogarefio (Asensio et al., 2012; Ramos-
Fernandez et al., 2013). De manera particular, las altas densidades de fruta (i.e., altas
SABEFs) que presentaron los paisajes de estudio con menor cobertura forestal (Table S1:
CAPiTULO 1), concuerdan con la falta de relacion que se presenta en esta region entre el
tamanfo del fragmento y el area basal de los arboles (i.e., indicador de la produccion de

fruta de un arbol: Stevenson et al., 1998), y refuerza la idea de que en regiones con una
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cobertura forestal relativamente alta los efectos de borde que matan arboles grandes

parecen ser menores (Hernandez-Ruedas et al., 2014).

Las fuertes relaciones que se presentaron en el paisaje de 126-ha entre la cobertura
forestal y el patron de actividades y la dieta del mono arafia, confirman la importancia de
hacer analisis multi-escalares para identificar las escalas espaciales en las que las
métricas del paisaje mejor predicen el comportamiento de primates en paisajes
fragmentados. En la presente tesis, estas relaciones pueden explicarse si se considera que
en paisajes fragmentados, los monos arafia rara vez presentan ambitos hogarefios >170 ha
(Chaves et al., 2012; Di Fiore y Campbell, 2007; Ramos-Fernandez et al., 2013; Wallace,
2008), y la conectividad de los paisajes <126 ha es alta: Estos paisajes mostraron una
cobertura forestal alta (en promedio >50%) y una distancia de aislamiento entre
fragmentos baja (ca. 20 m) (Fig. 2: CAPITULO I). Estos resultados indican que el tamafio
del fragmento no siempre es un buen indicador de la cantidad de habitat con la que
disponen los monos arafia en paisajes fragmentados, y sugieren que los monos arafia que
habitan en fragmentos grandes pero localizados en paisajes con baja cobertura forestal,
podrian presentar una menor cantidad de habitat respecto a la que presentan los monos
arafia que habitan en fragmentos pequefios pero localizados en paisajes altamente

conectados.

El anélisis de predictores proximales (i.e., patron diario de actividades, dieta y
disturbios antropogénicos directos) y distales (i.e., cobertura forestal, grado de
fragmentacion y densidad de alimento) de los niveles de los glucocorticoides fecales
(GCf) permiti6 obtener una aproximacion a la interaccion entre caracteristicas del habitat
y comportamientos que pueden que influir sobre los niveles de estrés del mono arafia. Los
predictores proximales presentaron relaciones mas fuertes que los predictores distales, lo
cual sugiere que los cambios en las caracteristicas del habitat no actlan directamente
sobre los niveles de estrés del mono arafia, sino a través de sus efectos sobre el
comportamiento. El efecto positivo del tiempo de viaje, y el negativo del tiempo de
descanso y el consumo de fruta sobre los niveles de GCf soportan que un mayor esfuerzo
fisico (Cavigelli, 1999; Foerster and Monfort, 2010; Dunn et al., 2013), y una reduccion

en el consumo de items ricos en energia (Dunn et al., 2013) incrementan los niveles de

83



estrés de primates. Considerando que el mono arafia es una especie con altos
requerimientos energéticos, como resultado de su gran tamafio corporal y alta
dependencia a la fruta (Di Fiore y Campbell, 2007), estos resultados estan bien
sustentados, y reflejan el rol de los glucocorticoides en la movilizacién de energia.
Consistente con otros estudios (Ateles hybridus: Rimbach et al., 2013; Canis lupus: Bryan
et al., 2015), la ocurrencia de caza se relaciond positivamente con el incremento de los
niveles de GCf del mono arafia. Considerando que los primates de tamafios corporales
grandes son altamente sensibles a ser cazados (Peres, 2000), y en México los monos
arafia son tomados para ser vendidos como mascota principalmente de los estados de
Campeche y Chiapas (Duarte-Quiroga y Estrada, 2003), estos resultados sugieren que el

mono arafa esta siendo cazado en la selva Lacandona.

En relacién a los predictores distales de la respuesta de estrés del mono arafia, la
relacion negativa entre la SABEF vy los niveles de GCf, verifica que la escasez de
alimento incrementa los niveles de estrés (Behie et al., 2010; Cavigelli, 1999; Gesquiere
et al., 2008). Sin embargo, contrario a lo esperado, la cobertura forestal presentd un
efecto positivo sobre los niveles de GCf del mono arafia. Aunque este resultado fue
inesperado, puede sustentarse si se considera qué: (1) en los paisajes con mayor cobertura
forestal los monos arafia invirtieron mayor tiempo en el viaje (Fig 2: CAPIiTULO I1); (2)
los grupos de estudio que habitan en los paisajes con mayor cobertura forestal tienen mas
grupos vecinos con los cuales podrian competir por el alimento (Table 1: CAPITULO I1), y
Rimbach et al. (2014) sugieren que los niveles de GCf del mono arafia (A. hybridus) se
pueden incrementar como consecuencia de la competencia por monopolizar fruta; y (3)
dentro del area de actividad de los grupos que habitan en los sitios con menor cobertura
forestal, las SABEFs fueron altas (F4 and F5: Table S1: CAPiTULO II), razon por la que
probablemente los monos arafia no presentaron diferencias en el consumo de fruta entre
los paisajes con mayor y menor cobertura forestal. Sin embargo, si consideramos que de
manera general, en Mesoameérica el mono arafia descansa menos en fragmentos (revision
de Gonzalez-Zamora et al., 2011), y la disponibilidad de fruta (Arroyo-Rodriguez y
Mandujano, 2006) y su consumo por primates tiende a ser menor en fragmentos pequefios
que en fragmentos grandes o selva continua (Dunn et al., 2009), los predictores

proximales de la respuesta de estrés sugieren que en otras regiones es mas probable que
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los monos arafia que habitan en paisajes con menor cobertura forestal presenten mayores

niveles de estrés.

En cuanto a la escala del efecto, si bien el coeficiente de asociacion entre la
cobertura forestal y los niveles de GCf fue alto, y constante a través de todos los tamafios
de los paisajes (rango: 0.510-0.592: Table S2: CAPITULO II), éste fue menor a los que
presento la cobertura forestal con los tiempos dedicados al descanso, al viaje y al
consumo de hojas (Table S2: CAPiTULO Il vs Table S1: CAPITULO I). Esto nuevamente
refuerza que los cambios en las caracteristicas del habitat no actian directamente sobre
los niveles de estrés del mono arafia, sino a través de los efectos sobre su comportamiento

(i.e., predictores proximales).

Conclusiones generales
En resumen, los principales hallazgos de la presente tesis indican qué:

(1) Los atributos espaciales del paisaje son buenos predictores del patron diario de
actividades, la dieta y los niveles de estrés del mono arafia, y por tanto, que es importante
considerar sus efectos y las escalas en las que estos son mayores, para la realizacion de

planes de conservacion de monos arafia que habitan en paisajes fragmentados.

(2) La conjetura de que una menor cantidad de habitat es igual a una menor
disponibilidad de alimento no siempre es acertada: fragmentos pequefios pueden
presentar mayor densidad de alimento que fragmentos méas grandes, y menos grupos de
monos arafia (F2, F3 vs F4, F5: Table 1: CAPiTULO Il). Por tanto, para hacer una buena
interpretacion de la variacion de las respuestas de primates que habitan en paisajes con
distinta estructura, es importante considerar en los analisis estadisticos atributos de la
vegetacion que se relacionen de manera directa con la disponibilidad de alimento, y de

ser posible, el nimero de monos arafia que habitan en cada sitio de estudio.

(3) Es incorrecto dar por hecho que primates que habitan en sitios con menor cobertura
forestal presentan mayores niveles de estrés. La alta densidad de alimento y el menor

nimero de grupos que pueden presentar estos sitios, puede ocasionar qué los monos arafia
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intensifiquen el uso de los recursos disponibles para no disminuir su consumo de fruta, e

inviertan menor energia en el forrajeo y patrullaje.

Finalmente, si bien los resultados de la presente tesis sugieren que mediante el
ajuste de su comportamiento, los monos arafia que habitan en la selva Lacandona son
capaces de subsistir adecuadamente en paisajes fragmentados con alta densidad de
alimento, su persistencia en estos sitios es incierta. El incremento del apoyo por parte del
gobierno para la produccién de plantaciones de palma de aceite (Elaeis guineensis)
(SAGARPA, 2013), y el alarmante avance en el cambio de uso de suelo que esta
presentando la regién de Marqués de Comillas (2.1% anualmente; Couturier et al., 2012),
estan reduciendo las limitadas areas de actividad que presentan los monos arafia en
paisajes con baja cobertura forestal. Esto puede ocasionar la pérdida de arboles clave que
usan los monos arafia para cubrir sus requerimientos energéticos (i.e., arboles con areas
basales grandes y que fructifican mas de una vez al afio [e.g., Ficus spp]), y por tanto, un
incremento en sus niveles de estrés. Por otra parte, a mediano plazo, un aumento en el
nimero de monos arafia en paisajes con baja cobertura forestal, podria ocasionar que se
supere la capacidad de carga de estos paisajes. Mientras que a largo plazo, la endogamia
podria provocar la aparicion de enfermedades congénitas, y una disminucién en la
diversidad genética (Hagell et al., 2013). Debido a esto, es importante realizar estudios
longevos en los que se monitoreen los niveles de estrés de los monos arafia que habitan
en paisajes con baja cobertura forestal que estan siendo transformados, ya que la
ocurrencia de un disturbio dentro de sus reducidas areas para el forrajeo podria tener
fuertes consecuencias sobre su supervivencia. Aunado a esto, para incrementar la
resiliencia de los monos arafia que habitan en paisajes con baja cobertura forestal, es
sumamente importante incrementar la conectividad entre fragmentos mediante la creacion
de corredores. Esto permitiria a los monos arafia incrementar su area de actividad, y por
tanto, disminuir su dependencia a ciertos arboles que producen altas cantidades de fruta.
Por otra parte, para evitar el incremento de los efectos de borde que matan arboles que
producen altas cantidades de fruta, es sumamente importante mantener la cobertura

forestal que presenta esta region.
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