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Alexander Humboldt, 1805



Courtesy: Adrian Tejedor

Species are distributed along environmental gradients



Current climate change

2016

1 oC above late 19th century 



Global surface temperature increase

NASA 2017

TIME SERIES: 1884 to 2017



IPCC 2014

Projections of  surface temperatures





• Tropical forests are highly vulnerable to climate change
• Species with narrow climatic ranges
• Biodiversity hotspot and high endemism
• We depend on them



Today



How are tropical forests responding 
to climate change?

1. Introduction to the Andes-to-Amazon elevational gradient 
in Southern Peru

- General trends along the gradient

2. Are species shifting their distributional ranges?
- Species migration

3. Are the changes in tree demography and species distribution 
affecting ecosystem function?

- Carbon dynamics
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Andes-to-Amazon elevational transect

A natural laboratory to study the effects of climate change in 
tropical ecosystems
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Andes-to-Amazon elevational transect

Andes
ABERG plot network

Installed in 2003



Andes-to-Amazon elevational transect

• 41 1-ha permanent plots
• 190 – 3700 m elevational range
• 8.5 – 25.8 o C temperature gradient
• 270 km geographic distance

Andes

Amazon

ABERG https://www.andesconservation.org/
RAINFOR http://www.rainfor.org/

https://www.andesconservation.org/
http://www.rainfor.org/
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≥ 10cm DBH



≥ 10cm DBH



≥ 10cm DBH



DBH, 43.4… 







New tree species from the transect

Miconia farfanii Burke & Michelang., 
sp. nov

Guatteria cuscoensis Maas & Westra, 
sp. nov.







Incadendron esseri Wurdack & Farfan-Rios, gen. & sp. nov.

- Canopy tree, > 20 m height
- > 50 cm diameter



Incadendron esseri Wurdack & Farfan-Rios, gen. & sp. nov.

• Equivalent to finding a new oak 
or new aspen tree



Climate along the elevational gradient
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Climate along the elevational gradient
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Cloud base



Climate along the gradient
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Forest inventory data

• 1979 – 2017 (38 years)
• Recensused every 2 – 4 years
• Trees, tree ferns, palms, lianas ≥ 

10 DBH
• 42,631 individuals
• 1,902 species



Species richness constant to ~1700 m, then 
decreases

AndesAmazon



High tree mortality around cloud base

AndesAmazon

Mean: + 2.3 % yr -1

Andes: + 2.4 % yr -1

Amazon: + 2.2 % yr- 1



No trend in tree recruitment rates

AndesAmazon

Mean: + 2.3 % yr -1

Andes: + 2.1 % yr -1

Amazon: + 2.5 % yr- 1



Tree stem density decline around the cloud 
base

AndesAmazon

Mean: - 0.03 % yr -1

Andes: - 0.3 % yr -1

Amazon: + 0.3 % yr- 1



How are tropical forests responding 
to climate change?

1. Introduction to the Andes-to-Amazon elevational gradient 
in Southern Peru

- General trends along the gradient

2. Are species shifting their distributional ranges?
- Species migration

3. Are the changes in tree demography and species distribution 
affecting ecosystem function?

- Carbon dynamics



Bush, Silman, Urrego. 2004

Paleo evidence for species migration  

~1°C per millennium



Ilex sessiloflora, ~500 m elevational range (~2.7 oC)

• Narrow elevational ranges
• The gradients are not static
• Impact in forest and ecosystem properties



Observed temperature increase 
0.03 - 0.05 o C year -1 since 1950s

Andes-to-Amazon elevational transect



> 4.5 oC
Urrutia and Vuille, 2009

B2 Scenario A2 Scenario

Temperature projections for southeastern 
Peru

Study siteStudy site



2. Are species shifting their distributional 
ranges?

Thermophilization hypothesis (community)

Migration hypothesis (taxon-based)

Population shifts

Wisdom of  the crowd



Thermophilization process

Climate change

Shifts of  species distribution 

Cold-adaptedWarm-adapted

(-)(+)



Expanding range
Upper limit recruitment 
greater than lower limit 
mortality rate

Shifting range
Upper limit recruitment 
same rate as lower limit 
mortality

Contracting range
Lower limit mortality 
greater than upper limit 
recruitment rate

Global warming

a)

c)

b)

Elevational range 
of species

Coupling demography with migration shifts



Plant species migration in the Andes

2.5 – 3.5  m yr-1 2 m yr-1

Duke et al., 2015Feeley, Silman et al., 2011

Andean plots over 500 m elevation



But, maybe there are some caveats with 
those results

Andes

Amazon

~20 %



But, some trees are more equal than others

1 2 3

BA=0.01 m2ha-1BA=1.04 m2ha-1BA=0.07 m2ha-1



Thermophilization calculations

• Community thermal migration rates (thermophilization)
– Species thermal optima distributions

• BIEN/GBIF collections records (minimum 10 collections)



Species thermal optima distributions

Clethra cuneata

- Downloaded all available georeferenced BIEN/GBIF herbarium records
- The mean annual temperatures (MAT) from WorldClim climate map

WorldClim climate map



Thermophilization calculations

• Community thermal migration rates (thermophilization)
– Species thermal optima distributions

• BIEN/GBIF collections records (minimum 10 collections)

– Community temperature index (CTI)
• Average thermal optima weighted basal area

– Thermophilization rates 
• Net change in CTI values for each plot over all consecutive censuses

• Species thermal migration rates
– Most abundant species

• ≥  50 individuals, ≥ 2 plots



Evidence of  thermophilization (TR)

(+)

n = 38 plots



Evidence of  thermophilization (TR)

n = 38 plots

(+)
(-)



AndesAmazon

26 plots positive

12 plots negative
(binomial probability < 0.001)

Positive community thermophilization



Positive community thermophilization

AndesAmazon

13 positive significant

6 negative significant
(binomial probability < 0.001)



Positive community thermophilization

0.0023 °C yr -1

0.43 m yr -1

Overall mean

Andes = 0.0044 °C yr -1
= 0.80 m yr -1

Amazon = -0.0002 °C yr -1
= -0.04 m yr -1

AndesAmazon



Contribution of  demographic processes to 
thermophilization

SAI-01

Positive



Tree mortality drives thermophilization

Positive

Negative

Low high
Elevation



But, plots are made up of  species



AndesAmazon

≥ 50 individuals
≥ 2 plots

n = 79 species
62 positive migration

38 negative migration

(binomial probability < 0.001)

Few species have significant migration rates



AndesAmazon

Few species have significant migration rates

0.0024 °C yr-1
0.44 m yr-1

Overall mean

≥ 50 individuals
≥ 2 plots

n = 79 species
10 positive significant migration

3 negative significant migration
(binomial probability < 0.001)



Expanding range
Upper limit recruitment 
greater than lower limit 
mortality rate

Shifting range
Upper limit recruitment 
same rate as lower limit 
mortality

Contracting range
Lower limit mortality 
greater than upper limit 
recruitment rate

Global warming

a)

c)

b)

Elevational range 
of species

Coupling demography with migration shifts
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Species migration summary

• Trees are moving up, but slower that we thought

• Andean trees are migrating faster than Amazonian trees

• Largest changes in thermophilization was due tree mortality

• Not in equilibrium with current or future rates of  climate 
change:

• Past ~ 0.2 – 0.7 m yr-1
• Current ~0.4 m yr-1

• Future ~9 m yr-1
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Tropical forest stores 55% of  the carbon 



We need to keep that amount of  carbon 
on this trees to mitigate global warming



Phillips et al., 1998

Increase in carbon accumulation over time



Tree above ground biomass estimations

AGBest = 0.0673 x (pD2H)0.976 x 0.5

Wood density Diameter Tree height

But, there are two problems with this allometry 

Chave et al., 2014



Problem 2: No wood density data across the Andes

Wood density
Dry weight per unit volume of wood

• Essential in plant function
• Mechanical support
• Physiology, structural 

properties and mechanisms 
of defense

• Important in the growth -
mortality tradeoff



Locally collected samples
• 300 - 3700 m elevational 

gradient
• 59 sites
• Trees, tree ferns, palms 
• 893 core samples 
• 314 species

Comprehensive data 
set along the Andes



Problem 1: Tree height in the Andes



• 10,661 stems measured
• Significant difference in length 

vs  height for Andean trees



No trend of  carbon accumulation along the 
gradient

n = 38 plots



2010 20162005

Droughts

Carbon accumulation over time

n = 38 plots
38 years

Mean 
carbon net change 

Amazon: 0.45 Mg C ha-1 yr-1
Andes: 0.31 Mg C ha-1 yr-1



n = 38 plots
38 years

Mean 
carbon net change 

Amazon: 0.45 Mg C ha-1 yr-1
Andes: 0.31 Mg C ha-1 yr-1

Long-term decreasing trend in carbon accumulation

2010 20162005

Droughts



Carbon dynamics summary

• Carbon loss between 1000 m and the cloud base 
along the gradient.

• Andean-Amazonian forests are acting as a small net 
carbon sink

• Lon-term decreasing trend of  carbon accumulation 
over 38 years



ANDES

AMAZON

Peru

Bolivia

Argentina

Ecuador

Colombia

Venezuela



Tropical Andes eco-regions



Espeletia spp. (Asteraceae)



Puna grassland





Puna paleo-data:
- Representation of pollen taxa (370,000 yrs)

Hanselman et al. 2011





Puna paleo-data:
- Representation of pollen taxa (~18,000 yrs)

- Polylepis tree line between 
16,000-12,000

- Increase fires after 12,000 yrs
due droughts

- Decline in Polylepis
- Expand puna

- Return wet conditions after 
4,400 yrs

- Forest did not return
- Fire maintain grasslands 

dominate landscape

- Humans induce fire activity 
during late Holocene

Urrego et al. 2011



Puna paleo-data:
- Representation of  charcoal (2,000 yrs)

- Southern Peru 
(Refugio lake – Manu 
Park)

- Forest degradation 
due increase in fire 
activity

- Fire-tolerant species 
spreading upslope.

Urrego et al. 2015






