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Fig. 3. High 
disturbance 
treatment 
(100% 
increase in 
background 
mortality) 
compared to 
No 
disturbance	


• High Disturbance = led to 42% and 50% AGB decrease in ZELIG-TROP and CLM (Fig. 3b).	

•  Periodic Disturbance = led to 18% and 19% AGB decrease in ZELIG-TROP and CLM (Fig. 4c).	

• CLM matched the gap model, and capturing disturbance-recovery processes.	

• CLM does not capture intra-annual variation in coarse litter production; losses exceeded the gains.	

• CLM4.5 still over predicts tropical forest biomass.	

• Different processes caused reduced AGB between the models and empirical datasets. Driver of AGB 

reduction in empirical datasets: wood density; ZELIG-TROP: stand basal area; CLM 4.5: leaf area 
index (LAI).	


(a) No significant effect on ANPP, (b) 42% and 50% decrease in AGB in ZELIG-TROP and CLM, (c) no significant effect on growth rates 
in CLM, (d) a slightly significant decrease in coarse litter production in ZELIG, and increase in CLM, (e) significant decrease in basal 
area in ZELIG-TROP, but not observed in field data, and (f) significant decrease in LAI in CLM, but not observed in field data. 	


Fig. 4. The variability between Amazonian regions cannot be entirely explained 
by the variability in disturbance regime, but rather potentially sensitive to 
intrinsic environmental factors. (a) “False positive” in reduction in AGB with 
higher disturbance, because wood density not included in model calculation, (c) 
Wood density differed between the two regions. Under a high disturbance 
scenario wood density increased in the model. 	


Motivation - Uncertainties in future terrestrial sources of atmospheric carbon dioxide from 
changes to forest disturbance and tree mortality rates, specifically in tropical forests.	

	

(1)   There has been evidence that climate change and forest disturbance are linked, such that a 

changing climate can influence the timing, duration, and intensity of disturbance regimes (Dale 
et al. 2001) (Fig. 1)	


	

	

	

	

	

	

•  Model Uncertainty – can global Earth System Models (ESMs) reproduce subtle, continual, and 

periodic disturbance and recovery behavior? 	

•  Model Uncertainty – will the carbon cycle response due to disturbance effect mitigation 

strategies and the energy market sector in Integrated Assessment Models (IAMs)?	

	

(2) Currently there are large gradients between the Central Amazon and Western Amazon 
regions (Fig. 2).  Such that the Western Amazon has “faster” dynamics; i.e. turnover, growth 
rates, and lower wood density. Evaluating the role that variations in disturbance rates play on 
influencing the variation between the two Amazon regions is warranted.	

	

	

	

	


	

(Q1) How do shifts in disturbance regimes and background mortality rates affect ecosystem 
processes and carbon cycling dynamics for tropical forests? 	

	

(Q2) Can the variability in forest dynamics and carbon stocks between the Western and Southern 
Amazon and the Central Amazon forests be explained by the variability in the natural 
disturbance regime (i.e. higher mortality rates)? 	


Fig. 2 “Faster” 
dynamics in 
Western Amazon 
vs. Central 
Amazon.	


landscape. This study provides a benchmark for exploring po-
tential nonstochastic trends in plot-based studies, and underscores
the importance of taking a landscape-scale approach in studying
ecosystem processes and species distribution patterns in old-
growth forest ecosystems.

Results and Discussion
A critical first step in this study was determining an average
landscape-scale mortality rate for our Central Amazon site.
Episodic disturbance events with return frequencies greater than

∼30 y are not well represented in the existing Amazon network
where plots were monitored for 4.0–21.7 y (mean of 10.9 y) up to
the early 2000s (5). A plot-based study in the Central Amazon,
for example, found that the largest gap occurring on 56 separate
census intervals varying from 1 to 5 y on 21 single hectare per-
manent plots included only one eight-tree blowdown cluster, and
only seven events exceeding six trees per cluster (24, 25). Thus,
a plot-based mortality rate estimate for the Central Amazon of
1.02% stems·y−1 (24) was entirely missing the mortality contri-
bution of events exceeding eight trees per cluster. Fortuitously,
the smallest disturbance events detected in our Landsat analyses
were single-pixel, approximately eight-tree fall clusters (26), and
including this “episodic” Landsat-based mortality increased our
regional average mortality rate for the Central Amazon from
1.02% y−1 to ∼1.20% y−1, which was used to parameterize
TRECOS (Table 1 and SI Text).
Multiple runs of TRECOS at 100 ha for 2,000 y were carried

out to better understand the development of an old-growth
Central Amazon landscape. For each run, smaller subplots were
extracted from the 100-ha domain to explore how plots of
varying size sampled key landscape-scale attributes. Fig. 3A de-
rived from a typical run shows total aboveground tree biomass
averaged over the entire 100-ha domain, along with five random
1-ha samples. After spinning up to steady state, the average
biomass for the 100-ha plot was relatively constant, ranging from
260 to 300 Mg·ha−1, which compared well with direct biomass
estimates in nearby forests (27). In contrast, the single hectare
plots were in constant flux, with long stretches of biomass accu-
mulation often punctuated by episodic disturbances, and the time
series rarely demonstrating steady-state behavior (Fig. 3B). The
coefficient of variation (Fig. S2) for temporal change in biomass
varied with plot size, with plots larger than ∼10 ha providing im-
proved sensitivity for detecting true directional trends. Based on
five 1-ha samples from a typical run of TRECOS, significant linear
runs in biomass gain were common, with biomass accumulation
trends (mean, 0.99 Mg·ha−1·y−1; range, 0.75–1.49 Mg·ha−1·y−1)
occurring twice as often as biomass loss (Fig. S3) (SI Text). The
average accumulation rate from these purely stochastic positive

Fig. 1. A ∼100-km2 Central Amazon landscape shows a change in surface reflectance from (A) 2004 to (B) 2005, with patches exhibiting high short-wave
infrared reflectance (red channel) indicative of disturbance across the entire image (green channel, near infrared) (B). After masking out (black pixels) all land
use, rivers, roads, clouds, and areas with a high shade fraction (C), a mortality map (D) was generated based on a relationship between field-measured tree
mortality and the ΔNPV remote-sensing metric. Tree mortality in this scene (D) demonstrated a variety of patch sizes ranging from isolated single-pixel
disturbances, to large contiguous blowdown patches of ∼30 ha.
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Fig. 2. A Landsat-derived frequency distribution of total number of events
(y) across a range of size classes (x), with the size of the patch calculated as
the total number of dead trees in the patch using the relationship between
ΔNPV and the fractional mortality rate (Fig. S3). The colored symbols in-
dicate different Landsat image pairs used to calculate ΔNPV. Summed clus-
ters across all five ΔNPV images were used to calculate a PDF for gaps larger
than approximately eight trees per gap (SI Text).
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ecosystem processes and species distribution patterns in old-
growth forest ecosystems.
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Central Amazon landscape. For each run, smaller subplots were
extracted from the 100-ha domain to explore how plots of
varying size sampled key landscape-scale attributes. Fig. 3A de-
rived from a typical run shows total aboveground tree biomass
averaged over the entire 100-ha domain, along with five random
1-ha samples. After spinning up to steady state, the average
biomass for the 100-ha plot was relatively constant, ranging from
260 to 300 Mg·ha−1, which compared well with direct biomass
estimates in nearby forests (27). In contrast, the single hectare
plots were in constant flux, with long stretches of biomass accu-
mulation often punctuated by episodic disturbances, and the time
series rarely demonstrating steady-state behavior (Fig. 3B). The
coefficient of variation (Fig. S2) for temporal change in biomass
varied with plot size, with plots larger than ∼10 ha providing im-
proved sensitivity for detecting true directional trends. Based on
five 1-ha samples from a typical run of TRECOS, significant linear
runs in biomass gain were common, with biomass accumulation
trends (mean, 0.99 Mg·ha−1·y−1; range, 0.75–1.49 Mg·ha−1·y−1)
occurring twice as often as biomass loss (Fig. S3) (SI Text). The
average accumulation rate from these purely stochastic positive

Fig. 1. A ∼100-km2 Central Amazon landscape shows a change in surface reflectance from (A) 2004 to (B) 2005, with patches exhibiting high short-wave
infrared reflectance (red channel) indicative of disturbance across the entire image (green channel, near infrared) (B). After masking out (black pixels) all land
use, rivers, roads, clouds, and areas with a high shade fraction (C), a mortality map (D) was generated based on a relationship between field-measured tree
mortality and the ΔNPV remote-sensing metric. Tree mortality in this scene (D) demonstrated a variety of patch sizes ranging from isolated single-pixel
disturbances, to large contiguous blowdown patches of ∼30 ha.
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Fig. 2. A Landsat-derived frequency distribution of total number of events
(y) across a range of size classes (x), with the size of the patch calculated as
the total number of dead trees in the patch using the relationship between
ΔNPV and the fractional mortality rate (Fig. S3). The colored symbols in-
dicate different Landsat image pairs used to calculate ΔNPV. Summed clus-
ters across all five ΔNPV images were used to calculate a PDF for gaps larger
than approximately eight trees per gap (SI Text).
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Fig. 1. Remotely sensed 
disturbance using Landsat. 100 
km2 Amazon landscape pre-
disturbance and post-
disturbance (red channel)	

(Chambers et al. 2013)	


•  (Q1) Both models failed at capturing certain tropical forest processes associated with higher 
turnover and/or regional differences in species traits and processes has strong influence. 	

• Getting the right answer (loss in biomass) for the wrong reason (Fig. 4).	

• Empirical data found decrease in wood density is the driver of AGB loss.	

• Accounting for wood density (proxy for functional traits) needs to be included in models.	

	


•  (Q2) This suggests that 1) the models are not accurately simulating all forest characteristics in 
response to increased disturbances, and 2) the variability between regions cannot be entirely 
explained by the disturbance regime, but rather potentially sensitive to intrinsic environmental 
factors and/or community composition.	


Improving Disturbance in ESMs – 	

•  Need for demographic vegetation model in CLM (CLM-ED)	

•  Absolute value of AGB still high in CLM-CN 4.5 (for Central Amazon).  	

•  Representation of regional variation in the Amazon Basin 	

•  Need to link new updates to disturbance processes in fully coupled iESM framework	

•  Critical for future NGEE-Tropics observational and modeling work	
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iESM links 4 models:  GCAM, GLM, CLM, & CCSM 
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Figure 7. Recruitment and mortality, Amazonia 1976–2001.
Both recruitment and mortality rates have increased.
Corrected for census-interval, site-switching and majestic
forest effects. Solid green line, recruitment mean; green dots,
recruitment 95% CI; solid red line, mortality mean; red
dots, mortality 95% CI.
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Figure 8. Trends in turnover in west and south Amazonia
and east and central Amazonia. Turnover has increased
significantly in both regions, but is much higher in the south
and west than in the east and central Amazon throughout
the period. Corrected for census-interval, site-switching and
majestic forest effects. Orange line, east and central mean;
orange dots, east and central 95% CI; blue line, west mean;
blue dots, west 95% CI.

catastrophic disturbances? In principle, long-term monitor-
ing of plots should provide better estimates of their fre-
quency and impact than anecdotal reports of individual
events. In some of our central Amazon plots increased rain-
fall and wind storms associated with La Niña brought
increased risk of death by flooding (BDF-04) and
windthrow (JAC-01, JAC-02: N. Higuchi, personal
observation). Likewise, in the Manu region of southwestern
Amazonia, occasional extreme storm events can topple
emergent trees over large areas (Foster & Terborgh 1998).
But in 1640 hectare years of monitoring, we have yet to
observe really catastrophic disturbance in any of our plots.
Although space and time are not perfectly substitutable,
this implies that such events have been very rare, asynchro-
nous, and localized for at least the past 20 years. Further
analysis at finer scales and over longer time periods is
clearly needed to develop rigorous tests of the ‘catastrophic’
versus ‘resource supply’ models of forest dynamics.

However, late twentieth-century Amazonia is perhaps
not an ideal setting for testing equilibrium or stochastic
models of forest behaviour, because the whole system is
undergoing a shift as turnover rates accelerate and forest

Phil. Trans. R. Soc. Lond. B (2004)
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Figure 9. (a) Recruitment and mortality, west and south
Amazonia. Both recruitment and mortality rates have
increased. (b) Recruitment and mortality, east and central
Amazonia. Only recruitment rates have increased
significantly. Corrected for census-interval, site-switching and
majestic forest effects. Note the different scales. Solid green
line, recruitment mean; green dots, recruitment 95% CI;
solid red line, mortality mean; red dots, mortality 95% CI.
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Figure 10. Turnover through time in poor soil (spodosol,
oxisol, histosol) compared with richer soil (ultisol, inceptisol,
entisol, eutrophic histosol) Amazonia. Corrected for census-
interval, site-switching and majestic forest effects. Blue line,
rich soil mean; blue dots, rich soil 95% CI; orange line,
poor soil mean; orange dots, poor soil 95% CI.

basal area increases. The shift is apparently both ubiqui-
tous but also asymmetric: turnover rates have risen most
in absolute terms in the already-dynamic forests of the
south and west, and is being led by recruitment changes,
with recruitment exceeding mortality in most forest zones
for most of the time. Seedlings and saplings are not being
monitored in most of our plots so we cannot tell if the
recruitment gains result from increased growth of
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Figure 7. Recruitment and mortality, Amazonia 1976–2001.
Both recruitment and mortality rates have increased.
Corrected for census-interval, site-switching and majestic
forest effects. Solid green line, recruitment mean; green dots,
recruitment 95% CI; solid red line, mortality mean; red
dots, mortality 95% CI.
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Figure 8. Trends in turnover in west and south Amazonia
and east and central Amazonia. Turnover has increased
significantly in both regions, but is much higher in the south
and west than in the east and central Amazon throughout
the period. Corrected for census-interval, site-switching and
majestic forest effects. Orange line, east and central mean;
orange dots, east and central 95% CI; blue line, west mean;
blue dots, west 95% CI.

catastrophic disturbances? In principle, long-term monitor-
ing of plots should provide better estimates of their fre-
quency and impact than anecdotal reports of individual
events. In some of our central Amazon plots increased rain-
fall and wind storms associated with La Niña brought
increased risk of death by flooding (BDF-04) and
windthrow (JAC-01, JAC-02: N. Higuchi, personal
observation). Likewise, in the Manu region of southwestern
Amazonia, occasional extreme storm events can topple
emergent trees over large areas (Foster & Terborgh 1998).
But in 1640 hectare years of monitoring, we have yet to
observe really catastrophic disturbance in any of our plots.
Although space and time are not perfectly substitutable,
this implies that such events have been very rare, asynchro-
nous, and localized for at least the past 20 years. Further
analysis at finer scales and over longer time periods is
clearly needed to develop rigorous tests of the ‘catastrophic’
versus ‘resource supply’ models of forest dynamics.

However, late twentieth-century Amazonia is perhaps
not an ideal setting for testing equilibrium or stochastic
models of forest behaviour, because the whole system is
undergoing a shift as turnover rates accelerate and forest
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Figure 9. (a) Recruitment and mortality, west and south
Amazonia. Both recruitment and mortality rates have
increased. (b) Recruitment and mortality, east and central
Amazonia. Only recruitment rates have increased
significantly. Corrected for census-interval, site-switching and
majestic forest effects. Note the different scales. Solid green
line, recruitment mean; green dots, recruitment 95% CI;
solid red line, mortality mean; red dots, mortality 95% CI.
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Figure 10. Turnover through time in poor soil (spodosol,
oxisol, histosol) compared with richer soil (ultisol, inceptisol,
entisol, eutrophic histosol) Amazonia. Corrected for census-
interval, site-switching and majestic forest effects. Blue line,
rich soil mean; blue dots, rich soil 95% CI; orange line,
poor soil mean; orange dots, poor soil 95% CI.

basal area increases. The shift is apparently both ubiqui-
tous but also asymmetric: turnover rates have risen most
in absolute terms in the already-dynamic forests of the
south and west, and is being led by recruitment changes,
with recruitment exceeding mortality in most forest zones
for most of the time. Seedlings and saplings are not being
monitored in most of our plots so we cannot tell if the
recruitment gains result from increased growth of

Turnover (Phillips et al. 2004)	


West & South Amazon	


Central & East Amazon	


Turnover (Phillips et al. 2004)	


•  This project aims to evaluate the mortality and disturbance processes in two land surface 
models of varying scales, detail, and functionality (Community Land Model: CLM, and 
ZELIG-TROP). 	


•  This task will benefit the Integrated Earth System Model (iESM) project, which combines 
CLM/CESM with a fully integrated human system component, and assist in developing 
mitigation strategies in response to energy market shifts due to natural disturbances. 	


Design – 	

•  Individual-based, dynamic vegetation, forest gap model ZELIG-TROP (Holm et al. 2012) 

calibrated and verified for a complex Central Amazon forest; used as a “benchmark” model.	

•  Community Land Model (CLM) 4.5 CN, a global land surface model that is part of the 

Community Earth System Model (CESM).	

•  Two elevated disturbance treatments:	

•  “High disturbance” = continual, annual 100% 	

increase in mortality (~1% to 2%)	

•  “Periodic disturbance” = 20% removal of 

stems, every 50 years 	

•  Validation dataset for elevated disturbance = 

Western and Southern Amazon	

•  RAINFOR inventory network	

•  When accounting for wood density there is a 

lower aboveground biomass in W&S Amazon 
compared to C&E Amazon (Baker et al. 2004)	


	


ZELIG-TROP (black)      CLM (blue)       Field data (green) 	


Fig. 5. CLM-CN model evaluation and comparisons to ZELIG-TROP for a 
periodic disturbance treatment: (a) ANPP, (b) stem growth, (c) aboveground 
biomass (AGB), and (d) coarse litter production rates, all measured in Mg C ha-1. 	


Amazon 
Deforestation 
2000-2012	

(Hansen et al. 
2013)	


(Quesada et al. 2010)	


2004	
 2005	


(Le Page et al. 2013) ) Sensitivities of climate mitigation strategies to natural disturbances. ERL	


Study using GCAM, an 
economic/energy IAM, 
found that mitigation 
strategies are highly 
sensitive to future natural 
disturbance rates. In 
order to reach a 3.7 W 
m-2 level the mitigation 
strategies will be up to 
2.5 times more costly.	


iESM Framework (3 models: GCAM, GLM, CLM/CESM)	
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