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Requires working across 
disciplines, features the 
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researchers
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focused on one trait..
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• Seasonal timing of 
developmental events 
(germination, leafing, 
flowering)

• Determines the 
environmental conditions 
& biotic interactions 
experienced by individuals

• Highly sensitive to 
environmental cues

• Varies among species

Phenology (timing)



• Past work: Invasion alters 
ecosystem responses to drought

• Ongoing work: Factors that 
promote (or prevent) shrub 
recovery following wildfire

• New/future work: Assisted Gene 
Flow (AGF), experiments with 
California poppy

Coastal sage scrub ecosystems responding 
to multiple, interacting global changes

! 33!

 
Figure 3. Exotic annual grasses have senesced late in the growing season on a previously burned 

hillside in Orange County, surrounded by mature coastal sage scrub.  Exotic grass litter is highly 

flammable and helps spread fire, fueled by Santa Ana winds in many parts of southern 

California.  Photo credit Jennifer Funk. 

  



Ecosystems are projected to 
experience increasing drought in the 

coming decades

Dai 2013



Vegetation feedbacks to drought and climate change 
will influence ecosystem-level responses and global C 

cycles: species differ in carbon uptake/release

Photosynthesis

Decomposition

variation 
among species



Invasive species accelerate C and N 
cycling; do they alter ecosystem 

responses to climate change?

Ecosystem productivity

Litter decomposition

Soil nitrogen mineralization

Soil nitrogen nitrification

Invasives increase à

adapted from Liao et al. 2008



Invasive species accelerate C and N 
cycling; do they alter ecosystem 

responses to climate change?

Ecosystem productivity

Litter decomposition

Soil nitrogen mineralization

Soil nitrogen nitrification

Invasives increase à

adapted from Liao et al. 2008

?Climate Change



Exotic annual species are invading 
historically shrub-dominated 

Mediterranean-type ecosystems

Coastal sage scrub, Orange County 
California, Jen Funk
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Ecosystems of the World, Vol. 
II, Mediterranean-Type Shrublands, 

DiCastri, et al. 1981



Invading species may be more 
phenologically sensitive to climate 

change than native species

http://modis.gsfc.nasa.gov/ By AnRo0002 - https://commons.wikimedia.org



Invasive species can increase ecosystem 
productivity via a longer growing 

season: e.g. NE US

Fridley 2012

honeysuckle is greener in spring and fall than native species



Native

Does invasion alter CSS ecosystem 
response to drought? 4-year experiment

Invaded



Plots dominated by native or invasive 
vegetation received three levels of rainfall

Rainfall Community

Santa Margarita 
Ecological Reserve



Treatments 
varied 

from near-
average 

rainfall to 
severe 
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Estimated ecosystem productivity and 
phenology with NDVI (canopy “greenness”)
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RedNIR

Ellen Esch, PhD



NDVI reflects growing season 
phenology at the ecosystem-scale
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NDVI indicates productivity and 
phenology
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Invasion lowers productivity, especially 
in response to drought

Esch et al. 2019, Ecology



Exotic species are highly resilient 
following drought….

standing litter from the previous growing season had a

positive effect on exotic biomass during drought
(Table 3). In the shrub understory, both native and

exotic biomass had a positive relationship with current

rainfall, but no antecedent factors were important
predictors.

Abundance of native and exotic species

in the seedbank following drought

Of the 1095 seedlings which emerged in the green-

house from our field-collected soils, we were able to

identify just over half to the species-level and hence
identify the seedling as either of native or exotic origin

(566 seedlings). Species identified from the seedbank

are indicated in Table S1, and accounted for 70% of
total species cover observed in the experiment. Early

mortality of emerging seedlings limited our ability to

identify remaining seedlings. There was a greater
mean number of seedlings germinating in soils

collected from open plots compared to soils collected

under the shrub understory (Fig. 4), and exotic
seedlings dominated the open plots while native

species were more common in the shrub understory

(marginally significant main effects of Origin,
Table 4). In soils from open plots, there was a

significant Origin 9 Treatment interaction (Table 4),
whereby exotic seedling abundance was lowest in

plots that had experienced the drought treatments, but

native seedling abundance did not vary with treatment.
A visual examination of the total number of germi-

nating individuals (identified to species plus uniden-

tified) reveals very similar overall patterns of
seedbank responses to prior rainfall treatments (Sup-

plementary Fig. 4), suggesting the dynamics of the

identified species reflect the overall seedbank
responses, with the caveat that individual species

dynamics in the unidentified pool could have differed

significantly from the identified species.
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Fig. 3 Herbaceous biomass versus total growing season rainfall
during the experimental drought (2013–2016, a, b) and recovery
(2017, c, d) stages. Biomass was sorted to exotic (yellow) or
native (green) origin, and quantified in both in open plots (a,
b) and in the shrub understory (c, d). Means (n = 5) and ±1 SE

of the mean are shown. Shape in the recovery year (c,
d) indicates previous rainfall treatment: square =50% of ambient
rainfall (severe drought), circle = 100% (moderate drought),
triangle = 150% (average rainfall). Note different range of
values on the vertical axes
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plots that had experienced the drought treatments, but
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- Exotic biomass declined under drought, but 
exploded in the high rainfall year following the 
drought experiment

- Drought won’t save CA from invasion…
Chandler Puritty, PhD

During the drought experiment:                           After drought: 
herbaceous biomass only

Puritty et al. 2019, Plant Ecology



Summary Part 1

• The exotic species invading CSS 
are predominantly herbaceous 
and short-lived

• They have growing seasons that 
are shorter than the woody 
shrubs that dominate native 
biomass

• Invasion in CSS reduces 
ecosystem C stocks, especially 
when combined with drought

! 33!

 
Figure 3. Exotic annual grasses have senesced late in the growing season on a previously burned 

hillside in Orange County, surrounded by mature coastal sage scrub.  Exotic grass litter is highly 

flammable and helps spread fire, fueled by Santa Ana winds in many parts of southern 

California.  Photo credit Jennifer Funk. 
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• Past work: Invasion alters 
ecosystem responses to drought

• Ongoing work: Factors that 
promote (or prevent) shrub 
recovery following wildfire

• New/future work: Assisted Gene 
Flow (AGF), experiments with 
California poppy

Coastal sage scrub ecosystems responding 
to multiple, interacting global changes

! 33!
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Hypotheses: Invasion will have a greater 
negative impact on shrub recovery under high 

rainfall than under drought

Competition with 
invaders

Absence of 
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Greenhouse experiment: shrub seedlings 
planted w/ and w/o competition from 

invaders, at different levels of water supply



Shrub seedlings grow best with high soil 
moisture alone, but not in competition

• Competition with 
exotic grass strongly 
suppressed Encelia 
californica growth

• Encelia alone growth 
responded positively to 
water addition

• When grown in 
competition, Encelia
grew best under low 
water

Esch et al. 2018, J.of Ecol



Comet Fire
Burned 40 acres
Palomar College
January 14, 2021

Escondido Times 2021

Image: Wayne Armstrong

https://www2.palomar.edu/
users/warmstrong/CometFir
eImages1.htm



• February 26, 2021 about 6 weeks after the fire 



Burned Site A Burned Site B



Experimental design: drought shelters vs 
controls in unburned CSS, burned invaded 

& burned native-dominated sites

Burned A
Burned B

UnburnedPalomar 
College 
Reserve



PhD research 
undertaken by 
Karagan Smith

Recovery by two 
shrub species:

-Salvia mellifera 
(deciduous)
-Malosma laurina
(evergreen)



Plant shrub seedlings in known 
locations in every plot, both accessible 

to herbivores and exclosed



Planted native shrub seedings, and exotic 
competitors, had higher herbivory in a 
recently burned site, vs the adjacent 

unburned areas

Gressard 2012



Summary part 2:

• Aim is to predict how drought, 
invasion and herbivory interact 
to predict CSS shrub recovery 
following wildfire

• We expect moderate drought 
may, surprisingly, increase shrub 
recovery by reducing 
competition from exotic species

• Herbivores likely slow shrub 
recovery via direct consumption, 
but could also aid in shrub 
recovery by removing exotic 
competitors



• Past work: Invasion alters 
ecosystem responses to drought

• Ongoing work: Factors that 
promote (or prevent) shrub 
recovery following wildfire

• New/future work: Assisted Gene 
Flow (AGF), experiments with 
California poppy

Coastal sage scrub ecosystems responding 
to multiple, interacting global changes

! 33!
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Liz Ryan, 
PhD candidate 



In order to persist, species must 
tolerate climate change, adapt, or 

move

Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCCAR4 Ch. 11)



Genetic variation across a species range may predict 
potential to tolerate/adapt to climate change

• Widespread species 
experience different 
climates across their 
range

• California has 
remarkable climatic 
gradients

• Hyp: populations from 
more arid sites should 
have higher drought 
tolerance than wet sites

Fram & Belitz 2011



California Poppy (Eschscholzia californica)
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California poppy, 
Eschscholzia
californica

Widely 
distributed (black 
dots)

Spatial variation 
in flower color, 
seed dormancy, 
and longevity 
(Cook, 1961)

2017, seed 
collections from 
25 sites 



Greenhouse experiment: drought/high water



Populations from Southern, more arid sites 
are more drought-tolerant, and better able to 

capitalize on high rainfall

Ryan & Cleland 2021, Climate Change Ecology

dry drywet wet

E.M. Ryan and E.E. Cleland Climate Change Ecology 2 (2021) 100021 

Fig. 2. (A, B, C, D, E, F). Phenological traits of emergence, flowering and growing season length all show strong clinal variation in E. californica (A: Aridity, 
p = < 0.001; B: Aridity, p = < 0.001; C: Aridity, p = < 0.001). Flowering was not plastic in response to precipitation (Precip, p = 0.46; Aridity:Precip, p = 0.08). 
Growing season length decreases under drought, especially in populations from mesic sites (Precip, p = < 0.001; Aridity:Precip, p = < 0.001). Gray bars indicated 
standard error for the point. In panel B the error may be smaller than the size of the point. Populations from arid sites produce more above ground biomass and 
seed mass, and have higher reproductive effort, under all conditions (D: Aridity, p = < 0.001; E: Aridity, p = 0.002; F: Aridity, p = 0.005). All populations are less fit 
and have lower reproductive effort under drought conditions, especially populations from mesic sites (D, E, F: Precip, p < 0.001) but populations from arid sites do 
relatively better when grown under high precipitation conditions (D, E: Aridity:Precip, p = < 0.001). 

Table 2 
Summary statistics from linear mixed effects models evaluating how Aridity of collection site and experimental treatment (Precipitation and Inoculum) 
influenced phenological traits and fitness in 13 populations of E. californica. 

Days to Emergence Days to Flowering Growing Season Length Biomass Seed Mass Reproductive Effort 
X 2 P X 2 P X 2 P X 2 P X 2 P X 2 P 

Aridity 30.32 < 0.001 ∗ ∗ ∗ 13.11 < 0.001 ∗ ∗ ∗ 21.80 < 0.001 ∗ ∗ ∗ 19.54 < 0.001 ∗ ∗ ∗ 10.04 0.0015 ∗ ∗ 7.95 0.0048 ∗ ∗ 
Precip. N/A N/A 1.27 0.2589 519.54 < 0.001 ∗ ∗ ∗ 700.89 < 0.001 ∗ ∗ ∗ 130.33 < 0.001 ∗ ∗ ∗ 67.46 < 0.001 ∗ ∗ ∗ 
Inoculum 18.21 < 0.001 ∗ ∗ ∗ 5.66 0.0149 ∗ 4.66 0.0308 ∗ 5.79 0.0162 ∗ 1.31 0.2516 0.30 0.5824 
Aridity ∗ Precip. N/A N/A 0.72 0.3971 88.67 < 0.001 ∗ ∗ ∗ 11.81 < 0.001 ∗ ∗ ∗ 18.34 < 0.001 ∗ ∗ ∗ 1.82 0.1771 
Aridity ∗ Inoculum 0.01 0.9214 3.08 0.0793 0.35 0.5552 0.23 0.6338 0.46 0.4953 0.25 0.6190 
Precip ∗ Inoculum N/A N/A 0.0002 0.9899 0.60 0.4368 0.36 0.5487 1.66 0.1975 1.67 0.1967 

P -value significance: ∗ < 0.05, ∗ ∗ < 0.01, ∗ ∗ ∗ < 0.001. 
Table 3 
Pearson correlations between fitness (biomass and seed mass) under 
drought conditions and mean population-level phenological traits, or 
mean population-level plasticity in those traits (see Methods for details). 
Plasticity metrics were calculated as the difference between the popula- 
tion mean trait value under the drought treatment and the high precipi- 
tation treatment. 

Biomass Seed Mass 
Phenological Trait R P R P 
Emergence 0.72 0.0055 ∗ ∗ 0.77 0.0021 ∗ ∗ 
Flowering − 0.79 0.0014 ∗ ∗ − 0.69 0.0088 ∗ ∗ 
Growing Season − 0.78 0.0017 ∗ ∗ − 0.74 0.0041 ∗ ∗ 
Plasticity in Emergence 0.14 0.6438 − 0.22 0.4739 
Plasticity in Flowering + 0.18 0.6136 0.62 0.9517 
Plasticity in Growing Season − 0.86 0.0002 ∗ ∗ ∗ − 0.66 0.0143 ∗ 

P -value significance: ∗ < 0.05, ∗ ∗ < 0.01, ∗ ∗ ∗ < 0.001 Positive R values in- 
dicate a positive correlation. + N = 10 for Change in flowering due to no 
flowering in 3 sites under drought conditions. N = 13 for all other corre- 
lations. 

3.3. Influences of home vs away soil inoculations 
When averaged across all populations and precipitation treatments, 

individuals grown with home soil inoculation emerged and flowered 
earlier (1 and 3 days respectively), had longer growing seasons (4 days), 
and produced 10% more above ground biomass (866 mg versus 957 mg) 
than individuals grown in pots filled entirely with common garden soil 
( Fig. 3 , Table 2 ). These responses to home soil inoculation were not 
correlated with the quantity of organic matter in the soil (supporting 
Table S2), nor soil moisture levels across the course of the experiment 
(supporting Figure S2). There were no interactions between home soil 
inoculum and precipitation treatment for any variable ( Table 2 ). 
3.4. Below ground versus above ground allocation 

Our additional experiment shows clinal variation in root allocation, 
with increasing root allocation associated with increasingly mesic sites 
( Fig. 4 ). While mesic site populations have higher belowground biomass, 
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Aridity 30.32 < 0.001 ∗ ∗ ∗ 13.11 < 0.001 ∗ ∗ ∗ 21.80 < 0.001 ∗ ∗ ∗ 19.54 < 0.001 ∗ ∗ ∗ 10.04 0.0015 ∗ ∗ 7.95 0.0048 ∗ ∗ 
Precip. N/A N/A 1.27 0.2589 519.54 < 0.001 ∗ ∗ ∗ 700.89 < 0.001 ∗ ∗ ∗ 130.33 < 0.001 ∗ ∗ ∗ 67.46 < 0.001 ∗ ∗ ∗ 
Inoculum 18.21 < 0.001 ∗ ∗ ∗ 5.66 0.0149 ∗ 4.66 0.0308 ∗ 5.79 0.0162 ∗ 1.31 0.2516 0.30 0.5824 
Aridity ∗ Precip. N/A N/A 0.72 0.3971 88.67 < 0.001 ∗ ∗ ∗ 11.81 < 0.001 ∗ ∗ ∗ 18.34 < 0.001 ∗ ∗ ∗ 1.82 0.1771 
Aridity ∗ Inoculum 0.01 0.9214 3.08 0.0793 0.35 0.5552 0.23 0.6338 0.46 0.4953 0.25 0.6190 
Precip ∗ Inoculum N/A N/A 0.0002 0.9899 0.60 0.4368 0.36 0.5487 1.66 0.1975 1.67 0.1967 

P -value significance: ∗ < 0.05, ∗ ∗ < 0.01, ∗ ∗ ∗ < 0.001. 
Table 3 
Pearson correlations between fitness (biomass and seed mass) under 
drought conditions and mean population-level phenological traits, or 
mean population-level plasticity in those traits (see Methods for details). 
Plasticity metrics were calculated as the difference between the popula- 
tion mean trait value under the drought treatment and the high precipi- 
tation treatment. 

Biomass Seed Mass 
Phenological Trait R P R P 
Emergence 0.72 0.0055 ∗ ∗ 0.77 0.0021 ∗ ∗ 
Flowering − 0.79 0.0014 ∗ ∗ − 0.69 0.0088 ∗ ∗ 
Growing Season − 0.78 0.0017 ∗ ∗ − 0.74 0.0041 ∗ ∗ 
Plasticity in Emergence 0.14 0.6438 − 0.22 0.4739 
Plasticity in Flowering + 0.18 0.6136 0.62 0.9517 
Plasticity in Growing Season − 0.86 0.0002 ∗ ∗ ∗ − 0.66 0.0143 ∗ 

P -value significance: ∗ < 0.05, ∗ ∗ < 0.01, ∗ ∗ ∗ < 0.001 Positive R values in- 
dicate a positive correlation. + N = 10 for Change in flowering due to no 
flowering in 3 sites under drought conditions. N = 13 for all other corre- 
lations. 

3.3. Influences of home vs away soil inoculations 
When averaged across all populations and precipitation treatments, 

individuals grown with home soil inoculation emerged and flowered 
earlier (1 and 3 days respectively), had longer growing seasons (4 days), 
and produced 10% more above ground biomass (866 mg versus 957 mg) 
than individuals grown in pots filled entirely with common garden soil 
( Fig. 3 , Table 2 ). These responses to home soil inoculation were not 
correlated with the quantity of organic matter in the soil (supporting 
Table S2), nor soil moisture levels across the course of the experiment 
(supporting Figure S2). There were no interactions between home soil 
inoculum and precipitation treatment for any variable ( Table 2 ). 
3.4. Below ground versus above ground allocation 

Our additional experiment shows clinal variation in root allocation, 
with increasing root allocation associated with increasingly mesic sites 
( Fig. 4 ). While mesic site populations have higher belowground biomass, 
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Does existing genetic variation across the 
range predict response to climate change? 

• Yes - Populations 
from arid sites were 
more drought 
tolerant

• Significant genetic 
variation in traits is 
across populations 
(not within)

Fram & Belitz 2011



Implications: population level information 
can inform restoration

Aitken & Bemmels 2016

• Given likelihood of 
becoming increasingly arid, 
restorations may want to 
plant seeds from more arid 
sites (rather than nearby 
populations)

• “Assisted gene flow” could 
help speed adaptation to 
climate change



Can assisted gene flow enhance rate of 
adaptation to increasing aridity?

Does pollen 
transfer from arid 
to mesic 
populations 
enhance drought 
tolerance (test of 
assisted gene flow 
in the 
greenhouse)?



• Invasion lowers C capture by 
CSS, especially under drought

• Drought and herbivory interact 
to promote shrub recovery 
following wildfire?

• Assisted Gene Flow (AGF), is a 
potential tool to accelerate 
adaption to climate change

Conclusions: Coastal sage scrub ecosystems 
responding to multiple, interacting global 

changes

! 33!

 
Figure 3. Exotic annual grasses have senesced late in the growing season on a previously burned 

hillside in Orange County, surrounded by mature coastal sage scrub.  Exotic grass litter is highly 

flammable and helps spread fire, fueled by Santa Ana winds in many parts of southern 

California.  Photo credit Jennifer Funk. 
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