Ecological Consequences of

Climate Extremes :
Impacts of Drought-Induced Forest
Mortality on Forest Carbon Sinks

Changhui Peng, CEF, UQAM

(www.crc.ugam.ca)

Laboratoire de modélisation écologique et de science du carbone (Eco-MSC)
Ecological Modelling and Carbon Science Laboratory (Eco-MCS)




Topics Outline
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lll. Causes, Consequences, and Ongoing Challenges
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Fig. 1. (A and B) Satellite-derived standardized anomalies for dry-season rainfall for the two most extensive
droughts of the 21st century in Amazonia. (C and D) The difference in the 12-month (October to September)
MCWD from the decadal mean (excluding 2005 and 2010), a measure of drought intensity that correlates
with tree mortality. (A) and (C) show the 2005 drought; (B) and (D) show the 2010 drought.



Fig. 1. Conceptual representation of an extreme climatic event. Climate variability can evoke a range of ecological responses (small to extreme,
distribution on the right). Changes in climate means or variability may result in a response that is well within the range of vartability for a system
(solid black arrow) or one that s extreme (1.¢. exceeds this range, dashed red arrow). Similarly, climate extremes (represented by tails of the distri-

bution on the left) may (solid red arrow) or may not (dashed black arrow) result in an ecological response that 15 outside the typical or normal
range of variabilty for a system. Here, an ‘extreme climatic event'1s defined synthetically as involving extremeness in both the climate driver and
the ecological respons.

(Melinda Smith, 2011. JE)



dBiomass
dt = Growth - Mortality

Allen et al., 2010



Environmental Factors Controlling Forest Growth and Death

Fig. 1. White dots indicate documented localities with forest mortality related to
climatic stress from drought and high temperatures. Background map shows potential
environmental limits to vegetation net primary production (Boisvenue and Running,

2006).









Global Observations and Patterns of Tree Mortality

>150 references with 88 examples of forest mortality driven by
climatic water/heat stress since 1970 (Allen et al, 2010).






Data Sources and Selection:

Total > 16,000 permanent sample plots (PSPs) available:

Including Alberta (580 plots), Saskatchewan (2426), Manitoba (368), Ontario
4000), and Quebec (12 000 )

Selected total 96 PSPs with following 6 criteria:

1)Natural forest stands (without forest managements, fire, flood,
storm, or insect disturbances)

2) 3 consecutive censuses on both recruitment and mortality rates
3)> 10 years of observations between their first and last census

4) Stand age was = 80 years (assuming mature forests)

5) with a large enough number of live trees (= 80)

6) with spatial location (long. lati.)

Total 22,425 living trees and 74,556 observations

(Peng et al., Nature Climate Change, 2011)



Table 1. Fixed effects in the generalized nonlinear mixed models describing annual tree mortality rate trends;
a is the estimated annual change in mortality rate (% year') and n is the number of forest plots used in the
model.

Model Data p a=exp(p)—1 Std. error P n
Overall mortality trend All 0.0458 0.0469 0.002 <0.0001 96
Mortality trends by longitude West (119° W to 0.0476 0.0488 0.002 <0.0001 70
(region) 97° W)
East (94° Wto65° W)  0.0191 0.0193 0.008 0.0227 26
Mortality trends by latitude <51° N 0.0686 0.0710 0.006 <0.0001 38
51° Nto54° N 0.0489 0.0501 0.003 <0.0001 24
>54° N 0.0380 0.0387 0.003 <0.0001 34
Mortality trends by elevation <500 m 0.0469 0.0480 0.005 <0.0001 35
500 to 1200 m 0.0625 0.0645 0.003 <0.0001 26
> 1200 m 0.0204 0.0206 0.003 <0.0001 35
Mortality trends by species Trembling aspen 0.0280 0.0284 0.006 <0.0001 21
Jack pine 0.0537 0.0552 0.017 0.0132 10
" Black spruce 0.0425 0.0434 0.004 T <00001 45
White spruce 0.0329 0.0334 0.005 <0.0001 21
Others 0.0286 0.0290 0.004 <0.0001 &l
Mortality trends by diameter <15cm 0.0304 0.0309 0.003 <0.0001 94
cless 15 to 20 cm 0.0428 0.0437 0.005 <0.0001 74
>20 cm 0.0229 0.0232 0.005 <0.0001 50

Peng et al. Nature CC (2011)
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Table 2: Fixed effects in the generalized nonlinear mixed-effects models describing the
relationship between annual tree mortality and climatic variables. n is the number of forest plots

used in the model.

All plots

West

East

Models of tree mortality as a function
of

Annual mean temperature (° C)

Annual moisture index (AMI)

Annual mean temperature (° C)

Annual moisture index (AMI)

Annual mean temperature (° C)

Annual moisture index (AMI)

Peng et al. Nature CC (2011)
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Main findings (1):

(1) Tree mortality rates increased by an overall
average of 4.7% per year from 1963 to 2008, with
higher mortality rate increases in western
regions (about 4.9%) than in eastern regions
(about 1.9%).

(2) The water stress created by regional drought
may be the dominant contributor to these
widespread increases in tree mortality rates
across tree species, sizes, elevations, longitudes,
and latitudes. Western Canada appears to have
been more sensitive to drought than eastern

Canada. (Peng et al., Nature Climate Change, 2011)
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Table 1. Individual tree growth rates for all five provinces investigated.

Provincet Individual tree Tree Tree Percentage*
growth rate Number 1 § Number 2 §
5986
Constant 70 1%
3033
Constant 41 1%
2919
41%
Constant 28 1%
ON 1252
Constant 19 2%
QC 1110
Constant 9 1%

T AB = Alberta; SK = Saskatchewan; MB = Manitoba; ON = Ontario; QC = Quebec.
§ Tree Number 1 represents the number of trees with decreasing, increasing, and constant growth rates. Tree Number 2 represents
the number of trees for each province.

Percentages were calculated as (Tree Number 1/Tree Number 2)*100%.



Main findings (2):

Growth rates for about iIndividual trees in western
Canada (Alberta, Saskatchewan, and Manitoba) were
found to be decreasing.

Conversely, growth rates for approximately

iIndividual trees in eastern Canada (Ontario and Quebec)
were found to be increasing.

(Ma, Peng et al., 2013, submitted, GEB)



dBiomass + Mortality
dt = Growth - Mortality =+ Growth

+ Mortality
- Growth

Biomass

Biomass Carbon Sink?
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(Ma, Peng et al., 2012, PNAS)
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- We found that in recent decades, the rate of biomass
change decreased significantly in western Canada
(Alberta, Saskatchewan, and Manitoba), but there was no
significant trend for eastern Canada (Ontario and Quebec).

- Our results revealed that recent climate change, and
especially drought-induced water stress, is the dominant
cause of the observed reduction in the biomass carbon
sink, suggesting that western Canada’s boreal forests
may become net carbon sources if the climate change—
induced droughts continue to intensify.

(Ma, Peng et al., PNAS, 2012)



Variations of the Earth's surface temperature for:
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http://www.ipcc.ch/pub/tar/wg1/figspm-1.htm

Allen et al., 2010, FEM

(Birdsey and Pan, 2011, Nature CC)



Current limitations and Uncertainties

- Despite many national and even regional forest monitoring efforts, there
is an absence of adequate global data on forest health status

- Lacking a fundamental mechanistic understanding of mortality at all spatial scales,
from the level of individual trees, through forest stands, to regional landscapes.

- Lacking adequate knowledge of the feedback and non-linear interactions
between climate-induced forest stress, insect outbreaks and fire, that can
cause widespread forest mortality

- Lacking the ability to predict mortality and die-off of tree species and forest
types based on specific combinations of climatic events and their interactions with
biotic stressors and place-specific site conditions.



Research Needs and Ongoing Challenges:

- An improved network of observations, both ground-based and remotely
sensed, is needed to document tree mortality annually

- Improved experiments assessing mechanisms of tree mortality in
relation to climate drivers are needed for more biomes

- Efforts on modelling tree mortality (both observations and experiments
must be linked to modeling efforts to improve forecasts).



Why tree died quickly under disturbance or stress ?

Pourquoi les arbres meurent-ils ?
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Mechanisms of Tree Mortality

Three hypothesized mechanisms
underlying mortality.

- Carbon starvation

- Hydraulic failure

- Biotic agents (such as insects

and pathogens) Hydraulic and
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Theoretical relationship, based on the hydraulic framework, between the temporal length
of drought (duration), the relative decrease in water availability (intensity)

(Nate McDowell et al. 2008)



(Wang et al. 2012, ER)



(Ya-An, Chengdu, China, April 20, 2011, Photo by Changhui Peng)
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