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PFTC3 & 5
• We are extending the elevational 

gradient above treeline, in the
Puna grassland, to the higher 
elevations in the Andes.

• We believe that this gradient is
now the largest monitored 
elevational gradient in the world. 

• ~300m to ~ 5,300m 

• Large natural temperature
gradient

• Monitor species, trait and 
functional diversity and ecosystem 
functioning along the entire 
gradient.

• We will focus on the Puna species
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“Noah’s Ark” Jan Brueghel (1568-1625)

Society demands a predictive biodiversity science

How will the biosphere respond to current 
& future climate and land use changes? 





The phenotype is “the observable 
properties of an organism that are 
produced by the interaction of the 
genotype and the environment”1. 

• It includes all attributes of the organism that influences how an 
organism survives, reproduces and interacts with its environment. 

• Ecology and evolutionary biology implicitly depends on the study 
of the diversity of phenotypes.

1. Merriam-Webster & Inc. Staff. The Merriam-Webster Dictionary, International Edition. (Merriam-Webster, Incorporated, 2016).



“Statements about traits give generality and 
predictability whereas species richness tends 
toward contingent rules and special cases.”

Keddy (1992)

Why traits?



Why traits?

“Although being interested in the role of traits in 
ecology is not new … ecologists have preferred to 
emphasize a nomenclatural approach by focusing on 
species identities, which has resulted in a loss of 
ecological generality …



In contrast… 

“Statements about traits give generality and 
predictability, whereas nomenclatural ecology tends 
towards highly contingent rules and special cases.”

Why traits?



Why Trait Based Ecology?

• Traits more directly link how species perform in 
differing environments

• Traits enable a more predictive ecology

• Traditional measures based on species richness does 
not adequately capture predictions of our models

• Can better link to quantitative mechanistic theory



A persistent question in ecology: How does 
species diversity influence ecosystem function?



“Biodiversity/Ecosystem
Function Theory”

Tilman et al. PNAS (1997) 



“The consequences of biodiversity has aroused considerable interest and 
controversy there is however, uncertainty as to how (these findings) 

generalize across ecosystems”

Science (2001)

2001



Science 2012

But, species richness only
explained about 4% of variation

“Our results suggest that the 
preservation of plant biodiversity 

is crucial to buffer negative effects 
of climate change”



Thesis
Progress in biodiversity science has been 

limited by its primary focus on species 
richness (number of species per area). 

To better identify pattern and to link measures of 
the diversity of life with theory - need to 

incorporate additional information

Species richness patterns do not offer a 
strong basis to develop & test theory



Roy, Jablonski & Valentine (2004)
In: Frontiers of Biogeography: New
Approaches in the geography of nature.

“A true understanding of the 
processes underlying diversity patterns 
requires better understanding of other 

aspects of organismal biology and 
geographic variation in these 

characters.” 

“Incorporating information on 
morphology, functional biology, and 

phylogenetic affinities of species . . .is 
truly reflective of the variety (diversity) 

of life.” 

Alternative measures of diversity



Trait-based Biodiversity Science

Patterns of trait abundance, diversity, and 
dispersion can better reveal processes 
structuring diversity & how diversity will 

respond to change

A central hypothesis



Why measure functional traits?
• Mechanistic linkages  - insight into the constraints and 

opportunities faced by plants in different habitats than does taxonomic 
identity alone (Southwood 1977; Grime 1979).

• Link functional diversity to ecosystem processes and 
the benefits that people derive from them (Chapin et al. 2000; Díaz et al. 2007)

• Enables quantitative comparison of distant ecosystems with 
little/no taxonomic overlap (Reich et al. 1997; Díaz et al. 2004; Cornwell et al. 2008).
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Assumptions



Central assumption of trait-based ecology 

From Violle et al. 2007 – based on Kingsolver and Huey (2003) and Arnold (1983)

Biodiversity
Ecology
& Ecosystems

?



Research focal areas



(1) Trait dispersion



Charles Darwin 1859

Dispersion - Linking diversity, traits, 
competition,  and phylogenetic relatedness

“For instance, I found that a piece of turf, three feet by four in 
size, which had been exposed for many years to exactly the 
same conditions, supported twenty species of plants, and these 
belonged to eighteen genera and to eight orders, which shows 
how much these plants differed from each other . . . .”

“The truth of the principle that the greatest amount of life can be 
supported by great diversification of structure, is seen under many 
natural circumstance. In an extremely small area especially if freely 
open to immigration, and where the contest between individual and 
individual must be severe we always find a great diversity in its 
inhabitants.” 

Measures of trait variation (functional 
diversity) often reflected in phylogenetic 
diversity because of niche conservatism 



Within a given ecological community, differing ecological 
Forces Result in Different Trait distributions
- Competitive Niche Packing

Trait over dispersion

- Random/Neutral
Random distribution of species trait distributions
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- Abiotic filtering
Keddy et al. 1998; Weiher and Keddy 1995

Abiotic filtering will yield trait clustering

Trait Axis

Trait Axis

Darwin 1859,  Grinnell 1914, Elton 1927, 
MacArthur and Levins 1967, Tilman 1982 etc. etc.
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For example see Kraft et al. 2008 Science



Trait Convergence
Competitive exclusion, abiotic filtering -> limits trait variation

Trait Divergence
‘Niche Packing’, disturbance -> increases trait variation  



Violle, Enquist, McGill et al. (2012) TREE

Local Community

Local Community

Evolutionary &
Biogeographic history

Ecological forces, 
plasticity, &

natural selection

Dispersal ability,
climate, & 

physiological 
tolerances

Regional ‘Pool’

Trait Axis

Measures of Trait Dispersion 
Reflect Multiple Processes



Functional Diversity 



Functional Diversity 
Trait hypervolume

Cornwell, Schwilk, Ackerly (Ecology 2006)

Maximum Height

Maximum Height

Trait axes reflect global variation in plant life histories
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Warm & wet environments - selection has lead to an increased 
range of phenotypes (traits) along various  life history trade-offs

Within or across clades, more stressful environments yields stronger 
stabilizing selection (filtering) - increasingly limits ecological and 
evolutionary variation in functions.

Stress dominance (Filtering) Hypothesis, (Weiher and Keddy, 1995).

Biotic Pressure Hypothesis 
(Wallace 1878, Dobzhansky 1950, Fischer 1960, Schemske 2009)

Extending biodiversity theory 
via focusing on functional hypervolumes



(2) Diversity of Life 
Histories/Ecological Strategies 



Diversity of Life Histories/Ecological Strategies - The diversity of 
plants can be characterized by three primary strategies. Variation in the 

relative importance of competition, stress, and disturbance 
C
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Species with slow life histories
large seeds, long-lived leaves, or dense wood

Species with fast life history
Small seeds, short-lived leaves, or soft wood. 

A continuum of life history variation 

(2) Diversity of Life Histories/Ecological Strategies 
– Fast-Slow Continuum 



Species with slow life histories
large seeds, long-lived leaves, or dense wood

Species with fast life history
Small seeds, short-lived leaves, or soft wood. 

A continuum of life history variation 

Temperature regulation

Leaf Traits associated with the fast-slow continuum 

Michaletz et al. 2016 Nature Plants



Trade-off between growth and survival 

Reich 2014 Journal of Ecology

“Traits help explain differences in 
growth and survival across resource 
gradients and thus…assembly of 
communities across light, water and 
nutrient gradients.”

“Traits scale up – fast traits are 
associated with faster rates of ecosystem 
processes such as decomposition or 
primary productivity, and slow traits with 
slow process rates.”

‘Fast Traits’

‘Slow Traits’



(2) Diversity of Life Histories/Ecological Strategies 
Ecological Strategies  (An update on Grime)



• The leaf mass per area-leaf lifespan dimension (LMA-LL) 
expresses slow turnover of plant parts (at high LMA and long LL), long nutrient 
residence times, and slow response to favorable growth conditions.

There are 4 primary trade offs that separate 
plant species based on traits

Westoby et al. (2002) ARES



• The seed mass-seed output (SM-SO) dimension is an 
important predictor of dispersal to establishment opportunities (seed output) and of 
establishment success in the face of hazards (seed mass). 

There are 4 primary trade-offs that separate 
plant species based on traits

Seed Mass (mg)

N
um

b
er

 o
f s

ee
d

s 
p

er
 

un
it 

ar
ea

 p
er

 p
la

nt
 

m
as

s



• The leaf size-twig size (LS-TS) spectrum has consequences for the texture of 
canopies, but the costs and benefits of large versus small leaf and twig size are poorly understood.

There are 4 primary trade offs that separate 
plant species based on traits



Díaz et al. 2016 Nature



Díaz et al. 2016 Nature
Body size

Fast-slow
leaf ‘economic’

traits



• The plant size/height dimension (Size) Perhaps the single 
most important trait. Strong correlate of many differences in life history and 
predictor of physiological rates

There are 4 primary trade offs that separate 
plant species based on traits



(3) Scaling up  - Traits to 
ecosystems, focus on the 
frequency distribution of traits 
within a community



(3) Scaling up  - Traits to ecosystems, focus on the 
frequency distribution of traits within a community

In order to link traits with 
ecosystem functioning

need abundance (need to know 
the abundance of trait values)

See also Enquist et al. 2015; 2017)
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A measurable (quantifiable) attribute of 
the phenotype 

What is a Trait?

What is a Functional Trait?
A trait that influences plant function

(demography, growth rate, fitness)



Functional Traits Ultimately Link to 
Whole-plant Performance and Fitness

Violle et al. 2007

Performance Traits Demography Traits

• Survivorship
• Fecundity

• Growth rate
• Carbon economy
• Hydraulics
• etc





How to measure plant functional traits?







Plant Traits
• Size (mass, diameter, height)
• Wood/Tissue density  (hydraulic efficiency, diameter growth rate, plant life 

history)

• Leaf mass fraction (LMF)  (Allocation trait (leaf mass / total plant mass)
• Root mass fraction (RMF)  (Allocation trait) 
• Seed size, Flower size, Floral color
• Reproductive mass

• Leaf size (leaf area, leaf mass) – Life history, thermoregulation, 
• Leaf thickness – Life history, photosynthesis
• LMA - Leaf mass per unit area (leaf mass/leaf area) – Plant life history
• SLA - Specific leaf area  (leaf area/leaf mass) – Plant life history
• LDMC (Leaf Dry Matter Content) – Oven-dry mass divided by fresh mass
• Water Content
• Photosynthetic rate
• Respiration rate 
• %Nitrogen  (photosynthetic capacity)
• %Carbon (allocation)
• %Phosphorus (respiration efficiency)
• N/P ratio (a measure of growth efficiency, a measure of when N is limiting to growth)

Leaf -Traits

Key Traits Often Measured in Trait Based Ecology  

Root Traits



Tissue Isotopes
Carbon Isotopes   - carbon isotope concentration (d13C) 

Nitrogen Isotopes   - nitrogen isotope concentration (d15N)

Describes the ratio of 13C to 12C within foliar tissue and is positively related to 
water use efficiency 

(Donovan & Ehleringer 1994). 

Describes the ratio of 15N to 14N within foliar tissue and can provide information 
on the differences in nitrogen acquisition and origin nitrogen and has been shown 
to be positively correlated with soil nitrogen concentration and positively 
correlated with nitrogen fixing bacterial associations 

(Hyodo etal. 2012, Hobbie & Colpaert 2003).

Oxygen Isotopes   - d18O
Can be used as a measure of plant tissue temperature (temperature at which 
Photosynthesis is occurring). See also Michaletz et al. 2016



Which traits should you measure?

“No methods handbook can answer the question of what 
are the best traits to measure, because this strongly 
depends on the questions at hand, the ecological 

characteristics and scale of the study area, and on practical 
circumstances.”



Which traits should you measure?

Traits to mechanistically link to organismal performance



Which traits should you measure?
Let theory guide and tell you! 

• Ecophysiology/ Carbon and Nutrient Economics 
(see Walker et al. 2014; Blonder et al. 2011)

• Energy Budgets (Temperature; see Michaletz et al. 2016)

• Demography 

• Relative Growth Rate (RGR)  - Allometry (see Enquist et al. 2015) 

• Biomechanics (Niklas 1992)

• Trait Driver Theory (Enquist et al. 2015)  

Theories that link how traits and abiotic environment influences organismal performance

• Hydraulics  (e.g. Anderegg et al. 2019) 

• Carbon & Nutrient Economics (Optimization Theory; see Elser et al. 2010)
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What Causes Variation in Traits?

- Species-level differences 

- Macro climatic gradients (interspecific variatioin)

- Micro climatic gradients (intraspecific variation)



Why do leaves vary in their traits?

Wright et al. (2004)

Reich et al.  (1997)



Differences in allocation (N, SLA) and life history (short vs. 
long lived) lead to differences in photosynthesis

SLA = Specific Leaf Area, LMA = Leaf Mass per unit Area= 1/SLA

Note, this is light 
saturated photosynthesis



SLA  = leaf area divided by leaf mass

Thick and leathery leafThin and flimsy leaf

High SLA leaf Low SLA leaf

More mass (think carbon) 
per unit area

Less mass (think carbon) 
per unit area

But higher Anet and shorter lifespan But lower Anet and longer lifespan

Think - How does SLA 
influence CO2 diffusion?



Variation in leaf traits ultimately constrained 
by carbon economy of leaf

Selection in different environments can 
maximize or minimize any of these leaf 
traits as long as κ is approx. constant

Blonder et al. (2011) Ecology Letters

Chabot & Hicks 1982; 
Williams et al. 1989

Leaf Mass per unit Area

Leaf Life Span

Leaf Carbon 
Assimilation Rate

Minimum lifetime 
leaf carbon gain (mol C g-1)

Natural selection has shaped leaves to have a net positive return on investment



The Carbon Economy of Leaves: Lifetime 
leaf carbon gain (mol C g-1)

The value of Κ is similar across diverse leaves . . .

Approximately 4 g Carbon assimilated per 1g Carbon 
invested in leaf

Kikuzawa & Lechowicz (2006)



Leaf Economics Spectrum Reflects -

How selection in differing environments maximizes fitness

For a given amount of carbon gained can 
‘spend’ frugally and live long or ‘spend’ all at once 

and live a short time

- As reflected in different ‘allocation strategies’ that do best in different environments

- Numerous leaf traits that reflect total lifetime carbon gain

- Think different ‘economic strategies’ 

Why do some leaves vary in their traits?



Asner et al. (2015) PNAS

Many traits respond to environmental 
gradients – but traits respond differently

Photo: A. Tejedor

Peru Elevational Gradient
3,500 m Andes-to-Amazon Gradient



A significant fraction of the variation in traits is intraspecific

Asner et al. (2015) PNAS





Leaf Traits (SLA) vary along moisture, temperature, and nutrient gradients. Why?



Cross-section of Sun (a) versus Shade (b) Leaf

http://pcp.oxfordjournals.org/content/42/12/1303/F1.expansion

SLA varies in sun versus shade leaves

Specific leaf area is determined by leaf area and leaf mass (thickness x tissue density)



Different light environments ‘select’ for differing traits

Plastic and adaptive differences consistent with shift in leaf traits
in differing light environments

Reich et al. (1998) Func. Ecol.

Fast Growth Slow Growth 

Trait change influence plant production in different light conditions?
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Conclusions
Why measure traits ? 

• Plant functional traits give better insight into the constraints and 
opportunities faced by organisms than does taxonomic identity alone 
(Southwood 1977; Grime 1979). 

• They also provide understanding of how functional diversity in the broad 
sense underpins ecosystem processes and the benefits that people 
derive from them 

• (Chapin et al. 2000; Diaz et al. 2007).

• Traits offer the possibility of comparing distant ecosystems with very little 
taxonomic overlap 

• (Reich et al. 1997; Diaz et al. 2004; Cornwell et al. 2008). 



Thank you!
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