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Nitrogen gas makes up about 78% of the 

Earth’s atmosphere… 

…yet bioavailable nitrogen is limiting in most ecosystems.

N-Fixing 
Bacteria

Lightning



Nitrogen deposition: The input of reactive nitrogen 
from the atmosphere to the earth’s surface

David Iliff 2005
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Nitrogen deposition is associated with reduced 
diversity & increased invasion
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What are the evolutionary consequences of environmental 

change on invasive plant species?

Bromus diandrus Centaurea melitensis
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Post-introduction 
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Will environmental 
change increase the 
success of plant 
invaders?



Precipitation (mm)

N dep (kg ha-1 yr-1)

Gradients of N deposition and aridity across southern California
Do invasive species exhibit population-level differences in traits 

and trait plasticity?

Are these trait differences related to environmental conditions

experienced by source populations?Have invasive plant species adapted to aridity or N deposition?
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Hypotheses

1. N addition will improve plant 

performance, but this will vary across 

populations

2. Populations will exhibit local adaption 

to N deposition and aridity

3. Populations from more arid sites will 

exhibit lower plasticity in growth and 

traits

4. Trait plasticity will be unrelated to 

levels of N deposition experienced by 

populations
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Common garden experiment: 
Are there genetically based trait differences?

Phenotype

Genotype Environment



Common garden experiment: 
Are there genetically based trait differences?

1. Collected seed of twelve different 

populations of Bromus and 

Centaurea across southern California

2. Grew plants in a common garden pot 

experiment under high N and low N

availability

3. Quantified plant growth, flowering 

phenology, reproductive output, and 

functional traits

4. Evaluated if differences in traits and 

plasticity were related to source 

environment



Bromus diandrus Centaurea melitensis

N deposition Aridity N deposition Aridity

Trait Low N High N Low N High N Low N High N Low N High N

Root mass -0.09 -0.09 -0.09 -0.10 0.05 -0.08 -0.06 0.58**

Shoot mass 0.02 0.04 -0.09 0.20 0.02 -0.07 -0.03 0.34*

Leaf mass -0.06 -0.08 -0.10 -0.10 -0.10 -0.02 -0.05 0.45**

Repr. mass 0.01 0.13 -0.09 0.42* -0.08 -0.06 -0.09 -0.03

Total mass -0.01 -0.04 -0.09 0.07 0.09 -0.08 -0.01 -0.04

LMR -0.09 0.02 -0.10 -0.06 -0.07 -0.04 0.11 0.33*

RMR -0.10 -0.04 -0.09 -0.01 -0.09 -0.08 -0.10 0.58**

Seed mass -0.10 -0.07 -0.10 -0.08 -0.09 0.25 -0.05 0.04

DTF -0.02 0.03 0.65*** -0.09 -0.10 -0.09 0.27* 0.19

Amax 0.33* 0.13 0.33* 0.35* -0.04 -0.09 0.01 -0.06

WUE -0.04 -0.02 0.49** 0.39* 0.01 -0.08 0.01 -0.10

SLA 0.04 -0.03 0.08 0.22 0.18 -0.09 -0.08 -0.01

N 0.10 0.19 0.02 -0.06 -0.01 -0.09 -0.10 -0.10

δ13C 0.06 -0.05 0.14 0.01 -0.04 -0.07 -0.09 -0.09

Only a single trait was related to N deposition experienced by source populations;

Populations of Bromus from high deposition sites had lower photosynthetic rates when N was limiting



Bromus diandrus Centaurea melitensis
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Shoot mass 0.02 0.04 -0.09 0.20 0.02 -0.07 -0.03 0.34*

Leaf mass -0.06 -0.08 -0.10 -0.10 -0.10 -0.02 -0.05 0.45**

Repr. mass 0.01 0.13 -0.09 0.42* -0.08 -0.06 -0.09 -0.03

Total mass -0.01 -0.04 -0.09 0.07 0.09 -0.08 -0.01 -0.04

LMR -0.09 0.02 -0.10 -0.06 -0.07 -0.04 0.11 0.33*

RMR -0.10 -0.04 -0.09 -0.01 -0.09 -0.08 -0.10 0.58**

Seed mass -0.10 -0.07 -0.10 -0.08 -0.09 0.25 -0.05 0.04

DTF -0.02 0.03 0.65*** -0.09 -0.10 -0.09 0.27* 0.19
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N 0.10 0.19 0.02 -0.06 -0.01 -0.09 -0.10 -0.10

δ13C 0.06 -0.05 0.14 0.01 -0.04 -0.07 -0.09 -0.09

Multiple plant traits were significantly related to aridity

Plants from more arid sites exhibited traits associated with rapid growth as well as conservative water use
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Populations of Bromus and Centaurea from more arid sites 

exhibited an earlier flowering phenology

Populations of Bromus from less arid sites responded to N 

addition by flowering more rapidly
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Bromus diandrus populations from more arid sites exhibit less 

plasticity in growth, reproductive output, and days to flowering

Populations from less arid sites are more responsive to N addition



Centaurea  melitensis populations from more arid sites exhibit 

greater plasticity in root growth and lower plasticity in leaf growth. 

Populations from hotter sites exhibit lower shoot plasticity

R
o

o
t 
p

la
s
ti
c
it
y

L
e

a
f 
p

la
s
ti
c
it
y

S
h

o
o

t 
p

la
s
ti
c
it
y

Under high N, arid populations invest in greater root growth, while populations from 

less arid sites invest in shoots



Multivariate plasticity index: Considering all trait variation at once



Multivariate plasticity index: Considering all trait variation at once

Nitrogen addition changes many 

traits simultaneously

We can visualize those 

differences in “trait space” along 

axes that represent multiple traits

MVPi = the distance between 

populations grown under low and 

high N



Aridity shapes plant plasticity in both Bromus and Centaurea
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Key findings

Nitrogen deposition undoubtedly contributes to increased invasion, but there 

is no evidence that invasives have adapted to high N deposition

Aridity exerts a strong selective pressure on plants, and this may constrain the 

ability of species to respond to N deposition evolutionarily

Aridity selects for traits associated with rapid growth and flowering, as well as 

traits associated with conservative water use

Plasticity in response to N addition is also constrained by aridity, likely 

because high plasticity (e.g., increased growth) is a risky strategy when water 

is very limiting
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