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WHO AM I (AND WHERE AM I)?
• I’m an plant physiological and ecosystem 

ecologist, focusing on forest carbon cycling 
in the upper Great Lakes region.

• My home institution is Virginia 
Commonwealth University in Richmond, VA; 
I “summer” for research in northern MI.

• I have a long history working with the DOE, 
with ongoing DOE-affiliated projects as an 
Ameriflux Core Site co-PI (US-UMB, US-
UMd), and with Ben Bond-Lamberty and 
Alexey Shiklomanov.

The University of Michigan Biological Station (UMBS) 
is located in the heart of the Great Lakes watershed.

Source: Google Earth



OUTLINE FOR TODAY’S WEBINAR

1. What is the extent, source, and severity of forest 
disturbance?

2. How have ecologists and biogeochemists 
traditionally viewed disturbance severity-C 
cycling interactions?

3. What do observations tell us about the reality of 
disturbance severity-C cycling interactions?

4. What are the knowledge gaps and how do we fill 
them?

5. Conclusions

These fine lab members do all the work.



A FEW TERMS AND CONCEPTS
• Net primary production (NPP): the 

annual rate of plant biomass 
accumulation in an ecosystem, 
usually expressed in terms of carbon 
currency

• Net ecosystem production (NEP): 
NPP minus carbon losses from 
heterotrophic respiration

• Disturbance severity: The (relative 
or absolute) amount of foliage or 
biomass lost to disturbance Artist: Catherine McGuigan (VCU)

NEP is often measured using “flux” towers. NPP is typically 
derived from ground inventory and, increasingly, remotely 
sensed data.



ALL FORESTS ARE RECIPIENTS OF DISTURBANCE.

1. What is the extent, source, and severity of forest disturbance?
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1. What is the extent, source, frequency, and severity of forest disturbance?
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GOWARD, S.N., C. HUANG, J.G. 
MASEK, W.B. COHEN, G.G. MOISEN
AND K. SCHLEEWEIS. 2012. NACP 
NORTH AMERICAN FOREST 
DYNAMICS PROJECT: FOREST 
DISTURBANCE AND REGROWTH 
DATA. AVAILABLE ON-LINE 
[HTTP://DAAC.ORNL.GOV] FROM 
ORNL DAAC, OAK RIDGE, TENNESSEE, 
U.S.A.HTTP://DX.DOI.ORG/10.3334/O
RNLDAAC/1077

1. What is the extent, source, frequency, and severity of forest disturbance?

http://daac.ornl.gov/
http://dx.doi.org/10.3334/ORNLDAAC/1077


IN THE US, COHEN ET AL. REPORT ANNUAL FOREST 
DISTURBANCE RATES OF 1.5 TO 4.5 %.

3.2. National and regional disturbance rates by disturbance agent class

Disaggregating national total disturbance rates by causal agent
class revealed that decline-related disturbances were largely
responsible for the dominant temporal trend of the national rate
(Fig. 2, US). The rate of disturbance for the decline class of agents
steadily increased from 1985 (0.07 ± 0.02%) through 2001
(2.82 ± 0.38%). Two notable periods were 1985–1995, when the
rate of increase was 0.05% per year, and 1995–2001 when the rate
of increase was seven times higher (0.35% per year). After 2001,
decline-related disturbance decreased at a rate of 0.12% per year
through 2011 (roughly half the rate at which it increased post-
1995), remaining relatively high at 1.48 ± 0.23% in 2012. In con-
trast, although harvest was somewhat variable over time
(1.28 ± 0.14%), there was no sustained trend. Fire exhibited low
rates of disturbance across time, but did display lower rates before
2000 (0.08 ± 0.03%) than after 2000 (0.24 ± 0.07%). The agent class

other had slightly higher rates than fire (0.29 ± 0.07%) with no
meaningful increase over time.

Disturbance rates among causal agent classes were highly vari-
able by region. In the eastern regions, harvest was the dominant
agent throughout most of the full observation period. In the South-
east, although temporally variable (high of 4.67 ± 0.43% in 2006,
low of 2.08 ± 0.27% in 1993), the mean harvest rate was
2.90 ± 0.34% per year, far above the rates for other agent classes
(Fig. 2, Southeast). Harvest was lower and less variable in the
Northeast (1.01 ± 0.19% per year), but was still the dominant agent
class for most of the observation period (Fig. 2, Northeast). The rate
of harvest in the Mountain West decreased 0.06% per year from
1985 (0.93 ± 0.16%) to 1997 (0.27 ± 0.08%). Between 1997 and
2012 the harvest rate was somewhat erratic, averaging
0.61 ± 0.14% with a high of 0.92 ± 0.14% in 2007 and a low of
0.23 ± 0.07% in 2009. In LowlandWest harvest rates were generally
low throughout the study period, except in a few specific years.

Fig. 2. Annual rates of forest disturbance (smoothed lines with 1 SE envelopes), for all disturbance classes (All) and by major causal agent class, across the conterminous US
and by region.

W.B. Cohen et al. / Forest Ecology and Management 360 (2016) 242–252 247

1. What is the extent, source, frequency, and severity of forest disturbance?



DISTURBANCE OCCURS ALONG A CONTINUUM OF SEVERITY
1. What is the extent, source, frequency, and severity of forest disturbance?
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Fire
1. What is the extent, source, frequency, and severity of forest disturbance?



Physical structure 
sometimes predicts 
primary production 
thresholds to 
disturbance, but 
why the 
inconsistency?

Wooly 
Adelgid

1. What is the extent, source, frequency, and severity of forest disturbance?



PART 1, SUMMARY

• Disturbance is increasing in extent.
• Severe disturbance from harvesting is 

relatively constant (and in some regions 
decreasing); moderate severity 
disturbances have increased.
• Substantial variation exists in 

disturbance severity.

1. What is the extent, source, frequency, and severity of forest disturbance?



DIS·TUR·BANCE (ACCORDING TO GOOGLE):

The disruption of healthy functioning.

2. How have ecologists and biogeochemists traditionally viewed disturbance severity-C cycling interactions?



Disturbance-carbon cycling theory

1979

2. How have ecologists and biogeochemists traditionally viewed disturbance severity-C cycling interactions?

1969



THE THEORY: THREE POTENTIAL SHORT-TERM RESPONSES 
OF FOREST PRODUCTION TO RISING DISTURBANCE SEVERITY:
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THE THEORY: THREE POTENTIAL SHORT-TERM RESPONSES 
OF FOREST PRODUCTION TO RISING DISTURBANCE SEVERITY:
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THE THEORY: THREE POTENTIAL SHORT-TERM RESPONSES 
OF FOREST PRODUCTION TO RISING DISTURBANCE SEVERITY:

2. How have ecologists and biogeochemists traditionally viewed disturbance-C cycling interactions?



PART 2, SUMMARY
• Ecologists have generally assumed 

a 1:1 linear relationship between 
tree mortality and net primary 
and ecosystem production 
decline.
• Some modeling and observational 

data from other ecosystems 
suggest other production-
disturbance severity relationships 
are possible in forests.

2. How have ecologists and biogeochemists traditionally viewed disturbance severity-C cycling interactions?



WE USE EXPERIMENTS TO STUDY DISTURBANCE 
SEVERITY AT THE ECOSYSTEM SCALE

3. What do observations tell us about the reality of disturbance severity-C cycling interactions?

Experimental clear-cut Experimental partial defoliation
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5000

Inventory plots (NPP or NEP)
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Google Earth



US-UMB, operating with support from DOE since 1999. 



Meters

5000

Inventory plots (NPP or NEP)

Eddy flux tower (NEP)Source: 
Google Earth



https://news.umi
ch.edu/snapshot
s-in-time-using-
fire-and-logging-
to-recreate-a-
century-of-forest-
history-at-the-u-
m-biological-
station/

https://news.umich.edu/snapshots-in-time-using-fire-and-logging-to-recreate-a-century-of-forest-history-at-the-u-m-biological-station/


LIKE OTHER SITES, SEVERE STAND-REPLACING 
DISTURBANCE AT UMBS SIGNIFICANTLY REDUCED 
NEP.

6 years following severe, 
stand-replacing disturbance

Gough et al. 2007, Global Change Biology



Meters

5000

Inventory plots (NPP or NEP)

Eddy flux tower (NEP)Source: 
Google Earth



THE FOREST ACCELERATED SUCCESSION EXPERIMENT
(FASET) INITIATED MAY, 2008

3. What do observations tell us about the reality of disturbance severity-C cycling interactions?

• 7,000 aspen and birch girdled
• 39 ha (~100 acres)



3. What do observations tell us about the reality of disturbance severity-C cycling interactions?



Four years following girdling 
(2012) all aspen and birch 
were dead, with mortality 
distributed heterogeneously.

3. What do observations tell us about the reality of disturbance severity-C cycling interactions?



3. What do observations tell us about the reality of disturbance severity-C cycling interactions?

Credit: 
Peter Curtis



NEP IN THE CONTROL AND MODERATELY DISTURBED FORESTS 
WAS COMPARABLE DESPITE A ~40 % LAI REDUCTION.

Gough et al. 2013, Ecological Applications

3. What do observations tell us about the reality of disturbance severity-C cycling interactions?



6%
tree

mortality 
in plot

69%
tree 

mortality
in plot

NPP declined non-linearly with 
increasing disturbance severity

Orange data points from Stuart-Haëntjens et al. 2015, Ecology

3. What do observations tell us about the reality of disturbance severity-C cycling interactions?



AS CANOPY STRUCTURE CHANGED, RESOURCE REDISTRIBUTION 
QUICKLY INCREASED SUBCANOPY PHYSIOLOGICAL COMPETENCY.

Structural change

Change in light 
distribution

Subcanopy 
leaves 

become 
more sun-
acclimated

Stuart-Haëntjens et al. 2015, Ecology

3. What do observations tell us about the reality of disturbance severity-C cycling interactions?



MODERATE DISTURBANCE MAY COUNTERINTUITIVELY INCREASE 
HOW EFFICIENTLY RESOURCES ARE USED TO DRIVE NPP.
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3. What do observations tell us about the reality of disturbance severity-C cycling interactions?



MODELS FAIL TO SIMULATE OBSERVED RESISTANCE 
TO DISTURBANCE.

3. What do observations tell us about the reality of disturbance severity-C cycling interactions?

Biogeosciences, 12, 513–526, 2015
www.biogeosciences.net/12/513/2015/
doi:10.5194/bg-12-513-2015
© Author(s) 2015. CC Attribution 3.0 License.
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Abstract. Disturbance-induced tree mortality is a key factor
regulating the carbon balance of a forest, but tree mortality
and its subsequent effects are poorly represented processes in
terrestrial ecosystem models. It is thus unclear whether mod-
els can robustly simulate moderate (non-catastrophic) distur-
bances, which tend to increase biological and structural com-
plexity and are increasingly common in aging US forests. We
tested whether three forest ecosystem models – Biome-BGC
(BioGeochemical Cycles), a classic big-leaf model, and the
ZELIG and ED (Ecosystem Demography) gap-oriented mod-
els – could reproduce the resilience to moderate disturbance
observed in an experimentally manipulated forest (the Forest
Accelerated Succession Experiment in northern Michigan,
USA, in which 38 % of canopy dominants were stem girdled
and compared to control plots). Each model was parameter-
ized, spun up, and disturbed following similar protocols and
run for 5 years post-disturbance. The models replicated ob-
served declines in aboveground biomass well. Biome-BGC
captured the timing and rebound of observed leaf area in-
dex (LAI), while ZELIG and ED correctly estimated the
magnitude of LAI decline. None of the models fully cap-
tured the observed post-disturbance C fluxes, in particular
gross primary production or net primary production (NPP).
Biome-BGC NPP was correctly resilient but for the wrong

reasons, and could not match the absolute observational val-
ues. ZELIG and ED, in contrast, exhibited large, unobserved
drops in NPP and net ecosystem production. The biologi-
cal mechanisms proposed to explain the observed rapid re-
silience of the C cycle are typically not incorporated by these
or other models. It is thus an open question whether most
ecosystem models will simulate correctly the gradual and
less extensive tree mortality characteristic of moderate dis-
turbances.

1 Introduction

Natural and anthropogenic disturbances have numerous ef-
fects on the carbon (C) and energy dynamics in forested
ecosystems and result in a variety of feedbacks between ter-
restrial ecosystems and climate (Goetz et al., 2012). In partic-
ular, disturbance-induced tree mortality is a key factor regu-
lating the forest C balance but a complicated one due to high
temporal and spatial heterogeneity (Vanderwel et al., 2013).
Partly as a result, mortality and disturbance are poorly rep-
resented processes in terrestrial ecosystem models (Medvigy
and Moorcroft, 2012; Peters et al., 2013; Dietze and Matthes,
2014).

Published by Copernicus Publications on behalf of the European Geosciences Union.



PART 3, SUMMARY
• Net primary and ecosystem 

production may resist moderate 
severity disturbance.
• Compensatory mechanisms 

offset declining growth up to a 
threshold or tipping point.
• Models fail to simulate 

observed resistance to 
disturbance. 

3. What do observations tell us about the reality of disturbance severity-C cycling interactions?



“THERE ARE KNOWN UNKNOWNS AND THERE ARE UNKNOWN 
UNKNOWNS” –A FORMER POLITICIAN

• Many of the modeling 
unknowns are also ecological 
unknowns.
• Data and models need each 

other.

4. What are the knowledge gaps and how do we fill them? 



KNOWLEDGE GAP 1: WHAT PRE-DISTURBANCE CANOPY 
STRUCTURES CONFER CARBON CYCLING STABILITY AND HOW 
SHOULD THIS BE REPRESENTED IN MODELS?

status of the existing schemes, their advantage and disadvantages,

and suggest ways in which these might be developed further. Alter-

native schemes are represented in Figure 1.

3.2 | Individual-based approach: SEIB

In SEIB-DGVM, each individual crown has an x-y location in space,

and shading of trees by their neighbors is explicitly simulated. Direct

and diffuse photosynthetically active radiation (PAR) are estimated

for each crown disk. For diffuse PAR, all disks at the same height

receive the same radiation, attenuated by the leaf area index (LAI)

above each disk using Beer’s law (Goudriaan, 1977). For direct light,

a “virtual cylinder” is calculated for each canopy disc. The cylinder

extends South, at 0.869 the midday solar angle (Sato et al., 2007),

and available PAR is attenuated (also using Beer’s law) by the leaves

located within the cylinder. The grass layer is horizontally divided

into 1 9 1 m cells, each of which receives PAR attenuated by the

LAI above. Some simplifications are employed to efficiently simulate

individual trees (daily timestep, static solar angle, few or no repli-

cates). In contrast, cohort models (below) have a lower computa-

tional footprint, but must designate rules by which light is

distributed to cohorts of differing height in the absence of direct

spatial competition.

3.3 | Infinitely thin flat crowns: ED, ED2

Perhaps the most straightforward method for representing how

cohort leaves are aligned with respect to incoming light is the “flat-

top crown” idea; wherein the total leaf area of each cohort is con-

ceptually distributed evenly across the entire canopy area of a patch

(one infinitely thin layer). The cohort-layers are stacked vertically

and the two-stream model is used to determine radiation absorbed

by each layer at its midpoint. Each cohort thus is shaded by all taller

cohorts.

The flat-top method is relatively straightforward to implement,

but suffers from the biologically unrealistic outcome that marginally

taller cohorts outcompete their neighbors in terms of light availabil-

ity. This can lead to systematic growth biases (compared to observa-

tions) where the tallest trees grow too fast and next-tallest trees

more slowly, making coexistence of multiple PFTs more difficult to

achieve (Fisher et al., 2010). Furthermore, there is no representation

of the effects of space on canopy structure (Farrior et al., 2016). In

ED2, these negative effects have been partially mitigated by (i) the

consideration of cohort crown area, which allows partial, rather than

complete, shading among cohorts and, (ii) a cohort splitting algorithm

that prevents a single cohort from accumulating a leaf area index

above a predetermined maximum LAI threshold.

(a) (b)

(c) (d)

F IGURE 1 Organization of canopy schemes in four vegetation demographic models. Shades of yellow represent incident light levels,
whereas shades of gray indicate alternative plant functional types (PFTs). Boxes represent cohorts as represented by ED & ED2, LM3-PPA, and
CLM(ED). Dotted cohort boundaries denote cohorts that belong to the understory, all of which receive identical light levels, in the PPA
schemes of the LM3-PPA and CLM(ED) models. Note that in the LM3-PPA there can be more than one understory layer, but in CLM(ED)
there cannot. In the cohort-based schemes, horizontal positioning is for illustrative purposes only and not represented by the model, which is
one-dimensional. Dotted lines in the CLM(ED) figure illustrate within-canopy leaf levels resolved by the radiation transfer scheme. In the LM3-
PPA, “z*” indicates the cohort height above which canopy/understory status is defined. In the CLM(ED), there is no “z*” threshold, and larger
cohorts in the understory may in principle be taller than the shorter cohorts in the canopy layer (reflecting imperfect competition processes,
per Fisher et al., 2010). Note that for ED-derived models (ED, ED2, CLM(ED)), cohort organization is illustrated only for a single patch, though
each model represents a multitude of patches having different ages since disturbance within a single site

40 | FISHER ET AL.

Fisher et al. 2018, Global Change Biology

4. What are the knowledge gaps and how do we fill them? 



Atticus Stovall, NASA
Jeff Atkins, postdoc, VCU

4. What are the knowledge gaps and how do we fill them? 

Source: Jeff Atkins



KNOWLEDGE GAP 2: WITHIN THE REALM OF “MODERATE 
DISTURBANCE”, DOES SOURCE MATTER TO THE CARBON CYCLE?

4. What are the knowledge gaps and how do we fill them? 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure X. Structural effects of different disturbance types. A simulated ice storm 
experiment produced significant damaged to branches in the upper canopy, reducing the 
amount of foliage (VAI) in the upper canopy and decreasing mean canopy height, resulting in 
a net downward shift of foliage. In contrast, ground fire caused substantial understory 
mortality, reducing foliage in the lower canopy and shifting the distribution of foliage toward 
the upper canopy. These structural shifts can be implemented in ED2 to simulate ecosystem 
functional responses prompted by disturbance. 

Atkins et al., in prep

Ice damage shifted 
vegetation distribution 
downward.

Fire more evenly reduced 
vegetation quantity across 
canopy strata.



4. What are the knowledge gaps and how do we fill them? 

Photo credit: Bob Fahey

KNOWLEDGE GAP 2: WITHIN THE REALM OF “MODERATE 
DISTURBANCE”, DOES SOURCE MATTER TO THE CARBON CYCLE?

Bob Fahey and Danielle Tanzer (Uconn)



False-color IR Imagery retrieved by Jason Tallant. Planet Team 
(2017). Planet Application Program Interface: In Space for Life 
on Earth. San Francisco, CA. https://api.planet.com.

4. What are the knowledge gaps and how do we fill them? 

KNOWLEDGE GAP 3: WHAT CONTROLS CARBON 
CYCLING TIPPING POINTS?

July 2018 July 2019

0%
45%

65%
85%

The Forest 
Resilience 
Threshold 
Experiment
FoRTE

https://api.planet.com/




KNOWLEDGE GAP 4: WHY DO MODELS FAIL AND WHAT 
DATA ARE NEEDED TO IMPROVE THEM?

4. What are the knowledge gaps and how do we fill them? 

Ben Bond-Lamberty, 
Co-lead PI

Shiklomanov, Alexey
PNNL postdoc



TO ADVANCE DISTURBANCE-CARBON CYCLING KNOWLEDGE AND 
PREDICTION, WE NEED TO:

5. Conclusions

• Acknowledge that moderate levels of 
disturbance are increasingly prevalent and 
thus relevant to the carbon cycle; 

• Understand why some forests resist the 
effects of disturbance and when this 
resistance breaks down;

• Resolve which mechanisms must be 
incorporated in models to simulate observed 
responses to disturbance.



QUESTIONS? CMGOUGH@VCU.EDU
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