
Cambio Climático y Distribución de Especies: 

Pasado y Futuro 

Enrique Martínez Meyer 

Instituto de Biología 

Universidad Nacional Autónoma de México 



El clima está 

cambiando en la 

Tierra. No hay 

duda de ello 2010 



Y se espera que esta tendencia continúe en 
las próximas décadas 

Pudiendo aumentar hasta casi 6 °C 
hacia el final del siglo XXI 



El clima ha sido 

altamente variable a lo 

largo de la historia de la 

Tierra. 

 

La temperatura 

promedio global actual 

es de casi 15 °C y nos 

encontramos saliendo 

de un periodo glacial 

 

La temperatura 

promedio global ha 

variado desde los 7 

hasta los 27 °C  

Historia del Clima en la Tierra 



Causas de los Cambios Clímáticos Anteriores 

Tectónica de Placas 

Astronómicas: Actividad Solar, 

Ciclos de Milankovitch Vulcanismo Impacto de asteroides 

Actividad fotosintética 



Particularidades de este evento de calentamiento 

Origen – Biótico 

Anderegg et al. (2010), PNAS 

El 97-98% de 1,372 científicos del campo están de acuerdo en que este 
evento de calentamiento es provocado principalmente por las actividades 
humanas 



La magnitud del cambio esperado en la temperatura es comparable al 

ocurrido en la transición del Pleistoceno al Holoceno (~5 ºC), hace unos 

12 mil años 

Particularidades de este evento de calentamiento 

Magnitud 



Tasa de Cambio 

Sin embargo, la velocidad a la que está aumentando la termperatura 

ahora es de 10 a 100 veces más acelerada que en los periodos 

interglaciales anteriores 

Particularidades de este evento de calentamiento 



Particularidades de este evento de calentamiento 

Agentes de perturbación 

Otros factores de perturbación (e.g., pérdida de hábitat, contaminación, 

sobreexplotación, spp invasoras) actúan en contra de los mecanismos de 

adaptación de las especies (dispersión, establecimiento) y en sinergia negativa 

con el cambio climáico  



Consecuencias Biológicas del Cambio Climático 

Permanencia 

Adaptación 

Distribución 

geográfica hipotética 

en equilibrio con el 

ambiente  
t0 

Antes del 

cambio 

climático 

t1 
Después 

del cambio 

climático 



Consecuencias Biológicas del Cambio Climático 

Permanencia 

Migración Adaptación 

Distribución 

geográfica hipotética 

en equilibrio con el 

ambiente  
t0 

Antes del 

cambio 

climático 

t1 
Después 

del cambio 

climático 



Consecuencias Biológicas del Cambio Climático 

Extinción 

Migración Adaptación 

Distribución 

geográfica hipotética 

en equilibrio con el 

ambiente  
t0 

Antes del 

cambio 

climático 

t1 
Después 

del cambio 

climático 

Colapso 



Respuestas Bióticas a los Cambios Climáticos 

En los cambios climáticos históricos se identifican 

4 consecuencias para la biodiversidad: 

Permanencia 



Respuestas Bióticas a los Cambios Climáticos 

Migración 

Cambios geográficos en la distribución de 228 especies de mamíferos del 

Pleistoceno al Presente en Norteamérica (Lyons. 2003. J. Mammal. 84: 385-402) 



Respuestas Bióticas a los Cambios Climáticos 

Extinción 



Respuestas Bióticas a los Cambios Climáticos 

Reorganización de comunidades 

Cambios en la estructura de 

la comunidad de mamíferos 

en los Estados Unidos en la 

transición Pleistoceno-

Presente (Lyons. 2005. Am Nat. 

165:E169-E185 ) 



Permanencia mediante diferentes mecanismos adaptativos 

Floración temprana de varias plantas en el hemisferio norte (Myneni et al. 1997. 
Nature 386:698-701) 

 
Oviposición temprana en anfibios (Beebee 1995, Nature 374:219-220) 

¿Y qué está pasando en este evento de 

calentamiento?  



Permanencia - Adaptación 

Mecanismos Genéticos  

Reducción de la frecuencia alélica asociada a climas fríos en poblaciones 

de Drosophila subobscura (Rodríguez-Trelles & Rodríguez. 1998. Evol. Ecol. 12:829-838) 

¿Y qué está pasando en este evento de 

calentamiento?  



Cambios latitudinales en los patrones de abundancia del 45% de las 

aves de Norteamérica (Peterson & Martínez-Meyer. 2008. Biodiversity 9:114-116) 

Ecuador Polo 

Migración 

¿Y qué está pasando en este evento de 

calentamiento?  



Migración 

Vegetación alpina (Grabherr et al. 1994. Nature 369:448) 

 
Aves (Peterson & Martínez-Meyer. 2008. Biodiversity 9:114-116) 

 
Mariposas (Parmesan 1996 Nature. 382:765-766; Parmesan et al. 1999 Nature 399:579-583) 

 
Mosquitos (Epstein et al. 1998. Bull. Am. Met. Soc. 79:409-417) 

¿Y qué está pasando en este evento de 

calentamiento?  



Extinción de Poblaciones y Especies 

Extinción del sapo dorado (Bufo periglenes) y otras especies de anfibios en Monte Verde, 

Costa Rica (Pounds et al. 1999. Nature 398:611-615) 

Extinción del 12% de poblaciones de 48 especies de lagartijas Sceloporus en México 

desde 1975 (Sinervo et al. 2010. Science 328:894-898) 

¿Y qué está pasando en este evento de 

calentamiento?  



Reacomodo de Comunidades Bióticas 

Cambios en la composición de especies de plantas en los Alpes Suizos 
(Walther et al. 2002. Nature 416:389-395 ) 

¿Y qué está pasando en este evento de 

calentamiento?  



Y esto ha generado una necesidad de querer 

predecir el futuro 

Usando desde los métodos más tradicionales 

hasta otros más 

modernos 



Presente 

+ 
. . . . . . 

. . . . . . 

Escenarios de 

clima futuro 

Distribución 

potencial en el 

futuro 

. . . . . . 

Distribución 

potencial en el 

presente 

Temperatura 

H
u
m

e
d

a
d
 

El MNE se ha convertido en una herramienta muy popular para 

evaluar los posibles efectos de los cambios climáticos en las especies  



Distribución 

en el 

presente 

Distribución 

en el futuro 

Análisis de 

vulnerabilidad 

Análisis típico para evaluar cambios en las 

distribuciones por efecto del cambio climático 



Existen una serie de condiciones necesarias para transferir los 

modelos de nicho en el tiempo 

 

1. Las variables ambientales usadas son las que determinan la 

distribución de las especies a la escala de análisis 

Distribución observada 
Distribución modelada 

incorporando una variable crítica 
Distribución modelada 

Fuente: Pearson. 2005. Ecography 

Distribución observada y modelada de Rhynchospora alba en Gran Bretaña 



2. Las especies están en equilibrio con el ambiente 

Se refiere al grado en que las especies “llenan” su distribución potencial. 

Factores históricos o bióticos pueden limitar este equilibrio 

tomado de: Svenning & Skov. 2004. Ecol. Letters 



Fuente: Pearson & Dawson. 2003. Glob. Ecol. Biogeo. 12: 361-371 

Cuando un modelo refleja adecuadamente la distribución conocida es 

indicio que las variables utilizadas son adecuadas y que la especie está 

en equilibrio con el ambiente 

Distribución observada y modelada de Blechnum spicant en Europa 



Incertidumbre por los métodos de análisis  

Existe una alta inestabilidad en los métodos de análisis  

(Pearson et al. 2006. J. Biogeo. 33:1704-1711) 

1. ANN1 (SPECIES) 

2. ANN2 (SPLUS) 

3. BIOCLIM 

4. CTA 

5. GA 

6. GAM 

7. GARP 

8. GLM 

9. DOMAIN 

-100

0

100

200



El comportamiento de los métodos de modelación en climas 

no análogos 



¿Qué hacer para reducir la incertidumbre? 

Utilizar información 

histórica 

Probar los métodos 
de modelado del 

pasado reciente al 
presente para 

contar con datos 
empíricos que 

permitan validar los 
modelos 



Hampe & Petit, 2005 

Incapacidad de estos modelos estáticos para 

capturar procesos dinámicos 



Combinación de enfoques que capturen la dinámica 

de los procesos de colonización/extinción 



Predicción de la abundacia y cambio climático 

¿Se acuerdan de la plática de ayer?  

Es posible proyectar los modelos de abundancia en escenarios de 

cambio climático para producir hipótesis de distribución de la 

abundancia en el pasado y en el presente 

Modelo de predictivo de abundancia  Modelo predictivo de presencia 

Presente 

2050 bajo el 

escenario CCM3 

A1 



Incertidumbre sobre la alteración de las 

interacciones bióticas 



Cuando se analizan conjuntos de especies bajo 

escenarios de cambio climático, los modelos de las 

especies individuales se agregan entre sí 

Sometido a Global Environmental Change 



Sin embargo, estos mapas de riqueza modelada tienen 

altos niveles de error 



En suma 

En su estado actual, los MNE están fuertemente limitados por 

los altos niveles de inciertidumbre producidos por diferentes 

fuentes (datos, procedimientos, vacíos de información) 

 

Este enfoque nos permite generar hipótesis geográficas, pero 

su capacidad de anticipar los cambios distribucionales se limita 

a identificar la dirección del cambio y en menor medida la 

magnitud 

 

La combinación de enfoques metodológicos permite mejorar 

nuestra capacidad de capturar procesos dinámicos 

Para proyecciones al futuro 



Los MNE en la investigación histórica 

Más recientemente, la MNE se han utilizado para “retroyectar” los 

nichos ecológicos a escenarios climáticos pasados con el fin de 

entender procesos históricos 

Martínez-Meyer et al. 2004. Global Ecology & Biogeography 

Metorito  

(Phenacomys 

intermedius) 

Conservadurismo 

del nicho ecológico 



Identificación de Refugios Bióticos 



reduction in woolly mammoth population sizes and therefore

a potent ial increase in the ext inct ion r isk [21]. This

hypothesis is supported, firstly, by our estimation of reduced

range area and hence reduced population sizes of woolly

mammoths through time (see Materials and Methods). A

marked reduction in population size of the woolly mammoths

is evidenced for the Holocene (6 ky BP), whatever the woolly

mammoth population density value selected (Figure 4A).

Secondly, the assumption is supported by the results of a

model of hunting intensi ty (HI; the number of woolly

mammoths required to be killed per person per year in

order to drive the species to extinction; see Materials and

Methods). I r respect ive of the cull rate used (CR; the

percentage of the mammoth population that must be killed

to drive the species to extinction), HI clearly varies through

time; the number of woolly mammoths that need to be killed

per person per year in order to drive the species into

extinction is fair ly similar for the 42 ky BP and the 30 ky BP

periods, starts to decrease by the 21 ky BP period, and

becomes very low in the 6 ky BP period (Figure 4B–4E and

Table S2). According to our analyses, even a high density (4

individuals/km2) and vigorous (CR¼ 2.7%; see Materials and

Methods) woolly mammoth population would have been

driven to extinction with an HI of 0.37 individuals killed per

person per year in the 6 ky period. In other words, for these

optimistic parameters, one woolly mammoth killed every

three years by each human being inhabiting its distr ibution

range would be sufficient to lead the species to extinction.

With a low density (0.1 individuals/km2) and suboptimal

woolly mammoth population (CR¼0.35%; see Materials and

Methods), the HI value drops down to 0.0049 woolly

mammoths killed per person per year; this is roughly one

mammoth killed by each person every 200 years. These results

support the view that the synergy between the collapse of

suitable climatic conditions for the woolly mammoths and

northward increase in human population densities during the

Holocene set the place and time of the woolly mammoth’s

extinction.

The last nonislands records of the woolly mammoth in the

Holocene [22] (dated after 11 ky BP) were found around the

Tamyr Peninsula, Bikada and Nizhnaya Taimyra rivers, and

the Pronchishchev Coast (Figure 3), coinciding with areas

classified by our models as highly suitable for woolly

Figure 2. Change in the Area (%) of the Different Suitable Climatic

Conditions for Woolly Mammoths

The suitability of climatic conditions based on MD was split into quartiles
(Q1, red; Q2, orange; Q3, yellow; Q4, green). Q1 represents the most
suitable conditions and Q4 represents the less suitable. The extent of the
most suitable conditions for woolly mammoths was smaller during
warmer interglacial periods, 126 ky BP and 6 ky BP.
doi:10.1371/journal.pbio.0060079.g002

Figure 3. Maps of Projected Climatic Suitability for the Woolly Mammoths in the Late Pleistocene and Holocene

Suitability scores are divided into four colour-scale classes (quartiles 1 [more suitable] to 4 [less suitable] of the MD), where increasing intensities of red
represent increasing suitability of the climate and increasing intensities of green represent decreasing suitability. Black points are the records of
mammoth presence for each of the periods. Black lines represent the northern limit of modern humans [59]. Black dotted lines indicate uncertainty in
the limit of modern humans.
doi:10.1371/journal.pbio.0060079.g003
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mammoths at 6 ky BP (scores of MD below 0.52; Figure S4).

The youngest remains of woolly mammoth found on Wrangel

Island are located within the less suitable (Q4) regions (MD

score of 6.03). The quality of our projections is further

supported by the high spatial agreement between our climate

suitability model for the woolly mammoth and the line

delimiting the forest [23] and open tundra habitats in the 6 ky

BP period (Figure S4 and Protocol S1). This correspondence

provides an independent evaluation [24] of the accuracy with

which our climate envelope models infer the environmental

conditions that would have affected the survival of woolly

mammoths in Eurasia.

Theories about species extinctions rely on two different

paradigms [25], which consider either the factors contr ibu-

ting to the general decline of species before their populations

become rare—the declining-species paradigm [26,27]—or the

genetic and demographic factors promoting the extinction of

small populations—the small-population paradigm [28]. Most

debate about the extinction of the woolly mammoth has

focused on trying to separate the contr ibutions of humans

[29,30] and environmental changes [7–9] toward the extinc-

tion of the species. Our results support both perspectives. We

suggest that the final extinction of the mammoth might have

been the result of the combined effects of climate change and

human impacts involving both extinction paradigms within

the common framework of metapopulation dynamics [31]. By

quantifying the magnitude of the impacts of climate change

on woolly mammoth distr ibutions for different periods of

time, we show that climate change posed serious challenges

for the survival of the species and those areas with suitable

climate conditions for the woolly mammoth became severely

reduced at 6 ky BP. In the absence of human hunting,

Figure 4. Estimated Number of Woolly Mammoths in Eurasia in Five Time Periods (A) and the Number of Woolly Mammoths Required To Be Killed per

Person per Year (HIt) to Drive the Woolly Mammoth Population to Extinction in Their Area of Co-Existence for Four Time Periods (B–E)

(A) The red line, left y-axis, assumes a woolly mammoth population density (Dmt) of 4 individuals/km2 and the blue line of 0.1 individual/km2, right y-
axis. Population density is considered to be time-independent.
(B) The plot considers a suboptimal woolly mammoth population (CR¼ 0.35) with a woolly mammoth density of 4 individuals/km2. (C) This plot
considers suboptimal woolly mammoth population (CR¼ 0.35) with a woolly mammoth density of 0.1 individuals/km2. (D) This plot considers a
vigorous woolly mammoth population (CR¼ 2.7) with a woolly mammoth density of 4 individuals/km2. (E) This plot considers vigorous woolly
mammoth population (CR¼ 2.7) with a woolly mammoth density of 0.1 individuals/km2. Colours represent three different estimations of AMH
population density [56]. Green lines: average value, red lines: maximum value, blue lines: minimum value.
doi:10.1371/journal.pbio.0060079.g004
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Woolly mammoths inhabited Eurasia and North America from late Middle Pleistocene (300 ky BP [300,000 years before
present]), surviving through different climatic cycles until they vanished in the Holocene (3.6 ky BP). The debate about
why the Late Quaternary extinctions occurred has centred upon environmental and human-induced effects, or a
combination of both. However, testing these two hypotheses—climatic and anthropogenic—has been hampered by
the difficulty of generating quantitative estimates of the relationship between the contraction of the mammoth’s
geographical range and each of the two hypotheses. We combined climate envelope models and a population model
with explicit treatment of woolly mammoth–human interactions to measure the extent to which a combination of
climate changes and increased human pressures might have led to the extinction of the species in Eurasia. Climate
conditions for woolly mammoths were measured across different time periods: 126 ky BP, 42 ky BP, 30 ky BP, 21 ky BP,
and 6 ky BP. We show that suitable climate conditions for the mammoth reduced drastically between the Late
Pleistocene and the Holocene, and 90% of its geographical range disappeared between 42 ky BP and 6 ky BP, with the
remaining suitable areas in the mid-Holocene being mainly restricted to Arctic Siberia, which is where the latest
records of woolly mammoths in continental Asia have been found. Results of the population models also show that the
collapse of the climatic niche of the mammoth caused a significant drop in their population size, making woolly
mammoths more vulnerable to the increasing hunting pressure from human populations. The coincidence of the
disappearance of climatically suitable areas for woolly mammoths and the increase in anthropogenic impacts in the
Holocene, the coup de grâce, likely set the place and time for the extinction of the woolly mammoth.
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Introduction

The woolly mammoth, Mammuthus primigenius, was an

herbivorous mammal that lived in the cool and dry open

steppe-tundras of the Northern Hemisphere from late Middle

Pleistocene (300 thousand years before presend [ky BP]), or

even earlier [1]. They are thought to have finally become

extinct 3.7 ky ago, on Wrangel Island, Arctic Siberia, [2]. The

climate became progressively cooler and drier from the last

interglacial period (126 ky BP), to the Last Glacial Maximum

(21 ky BP), and then became warmer and wetter toward the

mid-Holocene (6 ky BP). These profound climatic oscillations

produced a transformation of the vegetation and a reduction

in the geographical range of open steppe-tundra habitats,

where the last woolly mammoths lived during the mid-

Holocene [3]. At the same time, human populations started

dispersing across northern Eurasia around 40 ky BP [4]. While

data confi rm the coexistence of woolly mammoths and

humans [5], some authors suggest that direct evidence of

woolly mammoth hunting is scarce [6]. Previous analyses have

related the contraction of themammoth’sgeographical range

and other Late Quaternary Extinctions to both environ-

mental [7–9] and anthropogenic factors [10,11], or a

combination of both [12], but they have often been based

upon qualitative or descriptive approaches (but see [13] and

[14]). Although the pattern of contraction of their geo-

graphical range is known [3,15–17], progress concerning the

contr ibution of environmental factors [18] to explain the

extinction of woolly mammoths requires a more quantitative

assessment of the contraction of their geographical range and

the collapse of suitable climate conditions (Figure S1).

We combined a climate envelope model and a dynamic

population model to investigate the extent to which the

extinction of the woolly mammoth might have been driven by

the collapse of its suitable climate conditions and the

intensification of human hunting. The climate envelope of

the woolly mammoth was characterised based on statistical

associations between the fossil record and palaeo-climate

simulations [19,20]. We compiled the 14C-dated distr ibution

of fossil records of woolly mammoths in Eurasia for four time

periods (; 42 ky BP, 30 ky BP, 21 ky BP, and 6 ky BP) and

palaeo-climate simulations for 126 ky BP, 42 ky BP, 30 ky BP,
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Introduction

The woolly mammoth, Mammuthus primigenius, was an

herbivorous mammal that lived in the cool and dry open

steppe-tundras of the Northern Hemisphere from late Middle

Pleistocene (300 thousand years before presend [ky BP]), or

even earlier [1]. They are thought to have finally become

extinct 3.7 ky ago, on Wrangel Island, Arctic Siberia, [2]. The

climate became progressively cooler and drier from the last

interglacial period (126 ky BP), to the Last Glacial Maximum

(21 ky BP), and then became warmer and wetter toward the

mid-Holocene (6 ky BP). These profound climatic oscillations

produced a transformation of the vegetation and a reduction

in the geographical range of open steppe-tundra habitats,

where the last woolly mammoths lived during the mid-

Holocene [3]. At the same time, human populations started

dispersing acrossnorthern Eurasia around 40 ky BP [4]. While

data confirm the coexistence of woolly mammoths and

humans [5], some authors suggest that direct evidence of

woolly mammoth hunting isscarce [6]. Previous analyses have

related the contraction of themammoth’sgeographical range

and other Late Quaternary Extinctions to both environ-

mental [7–9] and anthropogenic factors [10,11], or a

combination of both [12], but they have often been based

upon qualitative or descriptive approaches (but see [13] and

[14]). Although the pattern of contraction of their geo-

graphical range is known [3,15–17], progress concerning the

contribution of environmental factors [18] to explain the

extinction of woolly mammoths requires a more quantitative

assessment of the contraction of their geographical range and

the collapse of suitable climate conditions (Figure S1).

We combined a climate envelope model and a dynamic

population model to investigate the extent to which the

extinction of the woolly mammoth might have been driven by

the collapse of its suitable climate conditions and the

intensification of human hunting. The climate envelope of

the woolly mammoth was characterised based on statistical

associations between the fossil record and palaeo-climate

simulations [19,20]. We compiled the 14C-dated distribution

of fossil recordsof woolly mammoths in Eurasia for four time

periods (; 42 ky BP, 30 ky BP, 21 ky BP, and 6 ky BP) and

palaeo-climate simulations for 126 ky BP, 42 ky BP, 30 ky BP,
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Procesos demográficos 



En suma 

Las preguntas que se pueden aboradar son mucho más 

interesantes, pues existe información de distinta naturaleza 

que se puede integrar en los análisis (e.g., registro fósil, 

información arqueológica, genética, paleoambiental, etc.) 

 

La limitante más importante es la disponibilidad de datos a 

resoluciones finas, tanto climáticos como biológicos, para 

periodos y sitios específicos 

 

Las lecciones que podamos aprender de lo ocurrido en el 

pasado nos pueden ser de gran utilidad para entender el 

fenómeno actual de cambio en el clima y tener más elementos 

para predecir el futuro 

Para retroyecciones 
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