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Tree mode of death provides insights as to why soil and topography explain only about 25% of the spatial
variation in tree mortality in Central Amazonia, and permit predictions about what types of mortality are
most probable under climate change. We studied tree mortality by mode of death in 72 1-ha permanent
plots spanning 64 km? of tropical moist forest in Reserva Ducke, Manaus, Amazonas, Brazil. Plots were re-
censused twice (2003-2005 and 2005-2008). Tree mode of death was assigned for trees >4 cm dbh as
standing, uprooted or snapped. We also recorded whether trees died alone or were pushed over by tree-
falls. Standing death was predominant, representing 54% of deaths of trees with dbh > 10 cm, followed
by snapping (26%) and uprooting (14%). Trees that fell alone represented 25% of deaths, while 16% were
pushed over. Most small fallen dead trees (4 < dbh <30 cm) were pushed over by other trees, while most
large dead trees (dbh > 30 cm) died alone. Standing mortality was weakly related to soil and topography,
but 20% of variation in uprooted mortality and 11% in snapped mortality of trees with dbh > 10 cm was
explained by soil and topography. The variation in mortality explained for small trees (18% for uprooted
mortality and 13% for snapped mortality) was higher than for large trees (14% for mortality by snapping
only). In spite of little variation in mortality associated directly with soil and slope, analyses assessing the
effect of topographic categories (plateaux, slope, and valley) on tree mortality detected higher differ-
ences, even though causal factors remain unidentified because topographic position may encompass both
topographic and soil properties. There was an increase from the first to the second census interval in the
effects associated with soil and topography on tree mortality by uprooting and snapping, and this was
likely due to storms, which led to a disproportional increase in tree mortality for these tree modes of
death. Presently, uprooting and snapping mortality are not dominant and the use of soil and topographic
variables for modeling of tree mortality is therefore limited. However, under predicted climate-change
scenarios of higher frequency of extreme storms, soil and topography may become more useful to
improve estimates of tree mortality and biomass losses over large areas in Amazonia.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

essential to make predictions with higher precision for larger do-
mains (Laurance et al., 1999; Castilho et al., 2006, 2010; John

Soil and topography predict only about one-fourth of the meso-
scale spatial variation in tree mortality in Central Amazonia (Tole-
do et al., 2011), which limits their use to improve predictions of
mortality and biomass losses at regional scales. Although charac-
teristics of soil and topography are associated with a larger propor-
tion (~50%) of the variance in tree turnover rates among plots
across Amazonia (Quesada et al., 2009), regional variation in soil
properties is much larger (Quesada et al., 2011) than local-scale
variation (Chauvel et al., 1987), and estimates of the relationships
of forest structure and composition at local and mesoscales are
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et al.,, 2007; Costa et al., 2009; Ferry et al., 2010). Defining how tree
mortality varies at local scales allows prediction of cumulative ef-
fects of mortality on biomass accumulation. In Central Amazonia,
higher mortality on sandy soils (Toledo et al., 2011) is associated
with higher losses and lower gains in biomass (Castilho et al.,
2010), which results in higher variance of biomass stocks at meso-
scales (Castilho et al., 2006). Constant high mortality apparently
culminated in dominance of light-wood species of low stature
and low biomass stocks in valleys in French Guiana (Ferry et al.,
2010). Nevertheless, much of the mesoscale variation in tree mor-
tality remains unexplained, which may be due to a lack of correla-
tion between the true causes of tree death and the variables of soil
and topography used as surrogates for causes of mortality.
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Mode of death can indicate the most probable agents of tree
mortality. A higher proportion of trees tends to die standing in for-
ests with low dynamism located in regions of stable climate and
poor soils, but in Amazonian forests with higher mortality rates
on richer soils with intense climatic disturbances, snapping and
uprooting are the most important modes of tree death (Gale and
Barfod, 1999; Chao et al., 2009). Previous studies have shown that
tree mode of death varies with soil and topographic position at lo-
cal scales. Trees often uproot on sandy and poorly drained soils in
valleys and die standing in clayey soils with deep water tables on
higher parts of the relief (e.g., Gale and Barfod, 1999; Gale and Hall,
2001). However, in areas of stable climatic conditions, proportions
of each type of mortality may vary little with soil and topography
(Chao et al., 2009). Central Amazonian forests are characterized by
low dynamism, and tree mortality rates rarely exceed 1.5% year
(e.g., Williamson et al., 2000; Nascimento and Laurance, 2004; To-
ledo et al., 2011). One of the reasons is that forest disturbances by
connective windstorms (Nelson et al., 1994; Chambers et al., 2007),
fires (Piperno and Becker, 1996), lightning strikes (Magnusson
et al,, 1996), and wet-season flooding (Mori and Becker, 1991)
are limited in frequency and extent, further reducing tree mortal-
ity. However, high wind-driven mortality resulted in 0.3-0.5 mil-
lion dead trees in the Manaus region in January 2005 (Negréon-
Juarez et al., 2010). This represents nearly 30% of the observed an-
nual deforestation reported in 2005 over the same area. To our
knowledge, there was no quantification of the magnitude of the ef-
fect of mode of death on the relationships of soil and topography
with tree mortality associated with storm disturbances. This is
an important step to improve our understanding about causal fac-
tors of mortality and the relationship of mortality with environ-
mental variables, as storm intensity is expected to increase under
most climate-change scenarios (Marengo et al., 2009).

In Central Amazonia, the strength of the relationship between
tree mortality and characteristics of soil and topography increased
after storms (Toledo et al., 2011). Uprooting and snapping are
modes of death often associated with storms, and are more fre-
quent in the rainy season (Brokaw, 1985; Brandani et al., 1988;
Denslow and Hartshorn, 1994). Intense rain and wind may increase
the proportion of uprooting and snapping on steep slopes and at
gap-edges. Trees often develop asymmetrical crowns in the down-
slope direction and into gaps because of more light availability
(Young and Hubbell, 1991; Young and Perkocha, 1994), and an in-
crease in the forces acting on the canopy due to rain or wind may
cause root or stem failure, resulting in uprooting or snapping
(Brokaw, 1985; Gale and Barfod, 1999). Nonetheless, standing
death may occur due to a variety of causes which may, or may
not, be associated with storms, such as lightning (Magnusson
et al,, 1996) or flooding (Mori and Becker, 1991; Gale and Hall,
2001), drought (Ashton and Hall, 1992), senescence (Alvarez-Buy-
lla and Martinez-Ramos, 1992) or diseases (Gilbert and Hubbell,
1996).

A common methodological approach among studies relating
tree mortality to topography or soil is prior classification of the
landscape in topographic positions (e.g., Carey et al., 1994; Gale
and Barfod, 1999; Gale and Hall, 2001; Ferry et al., 2010). Since cat-
egorization often implies loss of information, testing for the effect
of topographic position using categorical surrogates may add
uncertainties to estimation of the magnitude of the effects of pre-
dictor variables. Moreover, classification increases uncertainties as
to which effect is being tested, because topography is a composite
variable, which may, or may not, be a surrogate for gradients of soil
texture, fertility, anchorage capacity, water availability, wind expo-
sure, and flooding. The use of gradients of soil and topography to
predict tree mortality is a more useful analytical approach for
modeling because it is not necessary to create prior classifications,
streamlining the process of extrapolation over larger domains

(Quesada et al., 2009; Toledo et al., 2011). Although the two ap-
proaches differ in the quality of the predictions, it is not clear
whether they result in quantitative differences.

In this paper, we used data on tree mode of death, soil and
topography, collected in 72 1-ha permanent plots between 2000
and 2008 in a tropical moist forest in Central Amazonia, to deter-
mine what types of tree mortality are predicted by soil and topog-
raphy, and if the magnitude of the effect is sensitive to inter-annual
variation in storm disturbances. Also, we evaluated the differences
between analytical approaches using continuous variables and cat-
egories to represent topography.

2. Methods
2.1. Study area

The study was carried out in Reserva Ducke, which is managed
by the Instituto Nacional de Pesquisas da Amazoénia (INPA). The
10000-ha reserve is covered by relatively undisturbed terra firme
tropical moist forest and is located on the periphery of the city of
Manaus, Amazonas, Brazil (2°55’S, 59°59'W; see Toledo et al,,
2011 for details). The forest has a closed canopy of 30-37 m, with
emergent trees reaching 45 m and an understory with abundant
acaulescent palms. The dominant tree families are Fabaceae, Burs-
eraceae, Sapotaceae, Lecythidaceae, Chrysobalanaceae, Moraceae
and Lauraceae (Ribeiro et al., 1999).

Annual average temperature is 26 °C and the average annual
rainfall from 1979 to 2008 was 2524 mm, with a dry season from
July to September during which monthly rainfall is often around
100 mm (Coordenagdo de Pesquisas em Clima e Recursos Hidricos
— CPCRH - INPA, unpublished data). In the study period (2000-
2008), the lowest annual precipitation was 2045 mm in 2003 and
the highest 3330 mm in 2008. The most severe dry seasons oc-
curred in 2003 and 2008, with 3 months having less than
100 mm of rainfall, and the most humid dry season occurred in
2004, when there was no recorded total monthly precipitation less
than 100 mm (Supplementary material Fig. S1).

Topography in Reserva Ducke is hilly with elevation varying
from 40 to 140 m above sea level (a.s.l.) (Ribeiro et al., 1999). Soil
characteristics are related to topography, especially with respect to
clay content, which is greatest in the higher parts of the relief
(Chauvel et al., 1987; Castilho et al., 2006). Oxisols (in the US Soil
Taxonomy; Ferrasols in the IUSS Working Group WRB, 2006) pre-
dominate on the plateaux, Ultisols (Acrisols) are more common
on the slopes and Spodosols (Podzols) predominate in the valleys,
usually near water. All soils in Reserva Ducke are acidic and poor in
phosphorus, calcium, magnesium, sodium and potassium, while
often high in aluminum (Chauvel et al., 1987).

2.2. Sampling design

A grid of 18 8-km trails, each separated by 1 km, was installed
in Reserva Ducke, encompassing 64 km? (see Toledo et al., 2011).
Between December 2000 and February 2003, 72 1-ha permanent
plots were established along the east-west trails at least 1 km from
each other. These plots are long and narrow (250 x 40 m) and fol-
low the topographic contours, thereby maintaining a constant ele-
vation, minimizing variation in soil type and depth to the water
table within the plot (Costa and Magnusson, 2010).

Castilho et al. (2006) used a hierarchical design to sample trees
and palms (hereafter collectively called trees) in which diameter at
breast height (dbh) was used to define the sampling area. Trees
with dbh > 30 cm were sampled in 1 ha (250 x 40 m), while trees
with dbh > 10cm and dbh > 1cm were sampled in 0.5 ha
(250 x 20 m) and 0.1 ha (250 x 4 m), respectively. The dbh was
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measured to the nearest 1 mm at 1.3 m above ground. When defor-
mities or buttresses were present, dbh was measured 50 cm above
them, and the point of measurement recorded. All trees were
mapped and marked with aluminum numbered tags.

2.3. Mortality data

A census was carried out when plots were established (2000-
2003), a second was done between February 2003 and 2005, and
a third (though the time interval began in March 2005), between
August 2006 and February 2008. The first census interval, between
the first and second censuses, averaged 2 *0.03 years
(mean + standard deviation, range 1.98-2.21 years for the 72 plots)
and the second census interval, between the second and third cen-
sus, was 3.1 +0.2 years (2.9-3.6 years). The total census interval
between the first and third censuses averaged 5.1+0.2 years
(4.9-5.8 years).

Tree mortality was determined in the second and third cen-
suses. Trees were defined as dead by the absence of leaves, sap
and loss of bark. Stems which disappeared or those which were
broken or had no sap below the point of measurement also were
recorded as dead. In the second census (2003-2005), dead trees
were classified as standing or fallen, and in the third census
(2005-2008), all dead trees >4 cm dbh, including those dead in
the second census, were classified in the following modes of death:
(1) Standing - dead trees with intact crown branches on their
standing stem or with crown debris scattered in all directions
around the tree stump; (2) uprooted - the root plate upturned with
soil attached; (3) snapped - dead trees with a broken trunk and a
downed stem on which crown branches were often attached; and
(4) others - category used for trees that could not be located, had
been cut by humans and those unidentifiable due to advanced
stage of stem decomposition. Fallen dead trees (uprooted or
snapped) were also classified as “dead alone” if there was no evi-
dence that their death had been caused by falling debris from an-
other tree, and downed trees under another fallen tree, large
branch or liana, which apparently died at the same time, were clas-
sified as “pushed”.

The equation described by Sheil et al. (1995) was used to calcu-
late the mortality rates by mode of death for each plot:
m=1—[1 — (No — N1)/No]"t, where m is given as percent of trees
dead per year, Ng and N; are the number of stems at the beginning
and end of the time interval t. Tree mortality rates were calculated
for the first (~2 years), second (~3 years) and total census interval
(~5 years). Dead trees that had been recruited during the study
were not included in estimates for the total census interval.

2.4. Soil and topographic data

Six superficial soil sub-samples (0-5 cm deep) were collected at
50-m intervals along the center line of each plot, and these were
mixed to form a composite sample per plot. Soil samples were
dried at 105 °C, cleaned by removing stones and fine roots and then
sieved (2-mm mesh size). Soil texture and pH were measured in
the Soil Laboratory of the INPA Agronomy Department and soil
chemical measurements were carried out in the EMBRAPA (Empre-
sa Brasileira de Pesquisa Agropecudria) soil chemistry laboratory in
Manaus. We used 15 soil variables: clay, silt and sand (particles
<0.002, 0.002-0.05 and 0.05-2 mm, respectively), pH, available
phosphorus (P), K*, Ca%*, Mg?*, Na*, Cu", Fe?*, Mn?*, Zn?*, exchange-
able aluminum (AI**) and potential acidity (AI** + H*). More de-
tailed descriptions of these variables are given in Castilho et al.
(2006).

A professional surveyor determined altitude (m.a.s.l.) using a
theodolite. Slope was estimated with a clinometer at five points
along the plot and the mean slope was used for each plot (Castilho

et al., 2006). Mean altitude was 76.06 +20.09 m (39.4-109.8 m)
and mean of slope was 9.9 +7.5° (0.7-27°).

The data described here are available online through the Brazil-
ian Biodiversity Research Program (Programa de Pesquisa em Bio-
diversidade - PPBio) at <http://ppbio.inpa.gov.br/Eng/inventarios/
ducke/pterrestre>.

2.5. Topographic positions

In order to assess differences in modes of death in relation to
topographic position, we classified plots as plateau, slope and val-
ley using field observation and data on altitude, slope and percent-
age of clay. This is the most common subjective classification used
for topography in the area (Ribeiro et al., 1999). Plots with altitude
>65 m.a.s.l. and slope <12° were classified as on plateaux, those
with altitude <65 m and slope <12° were classified as in valleys,
and plots with ground angle >12° were classified as on slopes.
However, not all valleys are at low altitudes. Therefore, we com-
pared this classification to subjective impressions obtained in the
field. When doubt arose as to the classification, we applied an addi-
tional criterion using percentage of clay: plots on soils with clay
<20% were classified as in valleys, those with clay >60% were on
plateaux and plots with clay between 20% and 60% were on slopes.
Thus, 17 plots were classified as in valleys, 27 as on plateaux and
28 as on slopes.

2.6. Data analysis

Principal Components Analysis (PCA) was used to reduce the
dimensionality of the 15 topsoil variables (Castilho et al., 2006; To-
ledo et al., 2011). The axes were used in the regression analyses
and also to show overlap among topographic positions.

We calculated the proportion of dead trees and mortality rates
according to tree mode of death for two groups, small
(4 <dbh<30cm) and large (dbh > 30 cm) trees, because these
classes have distinct relationships of mortality with soil and topog-
raphy (Toledo et al., 2011), and we also ran all analyses for trees
dbh > 10 cm in order to allow comparisons with previous studies.
We tested for the effect of size and mode of death on the propor-
tion of dead trees using two-way ANOVA. Multiple-regression
analysis was used to test for the combined effects of the first two
PCA components (PC1 and PC2) and slope on tree mortality rates.
In a previous study, we have detected high correlation between
altitude and the soil textural gradient (PC1; r=0.82, df=70,
P <0.001), so they were not used together in the regression models.
The other variables were weakly correlated (see Castilho et al.,
2006; Toledo et al., 2011). We used a second analytical approach,
to relate soil and topography to tree mortality using topographic
positions, for which we used one-way ANOVA, testing for the effect
of topographic position (plateau, slope and valley) for each tree
group (small or large) and for each census interval (first, second
and total). We used the software R version 2.10.1 (R Development
Core Team, 2009) for all analyses.

3. Results
3.1. Soil gradients

The first ordination axis (PC1) explained 37% of the variation in
the original dataset and described a textural gradient between
plots with greater clay content and those with greater sand content
(Fig. 1). This axis was also positively correlated with K*, Na*, Fe?*,
AI** and AI** + H" and negatively correlated with pH. A fertility gra-
dient was described by the second axis (PC2), which explained 22%
of the variation and was positively associated with pH, P, K*, Ca%*,
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Fig. 1. Ordination of 72 1-ha plots using Principal Component Analysis based on 15
topsoil variables. The first (PC1) and second (PC2) axes explained 37% and 22% of
variation, respectively. Symbols represent topographic positions where the plots
are located.

Mg?*, Zn?* and Mn?*, and negatively with Fe?". Since we included
sand in the analysis, the variation explained by each axis differed
slightly from Castilho et al. (2006), but the gradients described
were similar.

There was an obvious difference between plots on plateaux and
those in valleys and slopes along the gradient described by the first
PCA axis (Fig. 1). The second axis separated a few plots in valleys,
which have higher concentrations of nutrients than other plots.

3.2. The contribution of each mode of death

We recorded 2320 dead trees with dbh > 4 cm between 2003
and 2008 in the 72 1-ha plots, of which 1820 were small trees
(4 <dbh<30cm) and 500 were large trees (dbh > 30cm). For
trees with dbh > 10 cm, 1737 were found dead.

Standing death was predominant, followed by snapping and
uprooting (Fig. 2). For the total census (2003-2008), standing
death represented 55% (+4% 95% confidence interval - CI) and
53 +6% of deaths of small and large dead trees, respectively.
Snapped trees represented 24 +3% of small dead trees and
28 +5% of large dead trees, while uprooting contributed to
10 + 2% and 17 + 4% of deaths of small and large trees, respectively.
The pattern was almost identical for trees with dbh > 10 cm, for
which 54 + 4% died standing, 26 + 3% snapped, and 14 + 3% were
uprooted (Table 1).

Large fallen dead trees had died more often alone (39 + 6%) than
pushed (5 +2%; results from the total census interval), but for
small fallen dead trees, pushed fallen trees (23 + 4%) predominated
over alone fallen dead (14 +3%) in the second census interval,
although there was no significant differences between alone and
pushed in the first and total census intervals (Supplementary
material Fig. S2). Alone fallen dead trees were more frequent
(25 + 3%) than pushed fallen dead trees (16 + 3%) in the total cen-
sus interval when all trees with dbh > 10 cm were analyzed sepa-
rately (Table 1).

From the first to the second census interval uprooting increased
by 95% (Paired t-test: t = —4.41, P < 0.001) and snapping increased
by 44% (paired t-test: t=-3, P=0.004, df=71) for small trees
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Fig. 2. Mean percentage (+ 95% CI, vertical lines) of dead trees for modes of death in
two dbh size classes in three census intervals. Asterisks indicate significant
differences (paired t-test) between the first and second intervals (**P<0.01;
***P < 0.001). Differences among modes of death within each census interval are
indicated by different lower case letters after Tukey HSD post-hoc test at level of
0.1. Two-way ANOVA results for interaction between size and mode of death were:
F3520 =7.30, P < 0.001; F3 560 = 3.35, P= 0.02; and F5 563 = 6.96, P < 0.001, for the first,
second and total census intervals, respectively.

(Fig. 2). However, there was no significant change for large trees.
For all trees with dbh > 10 cm, uprooting increased by 67% (paired
t-test: t = —3.38, P=0.001, df = 71; Table 1). Dead trees unclassified
(Others) decreased in proportion in the second census because of
more accurate identification of mode of death.

There was an increase of 57% (paired t-test: t = —4.76, P < 0.001,
df=71) and 17% (paired t-test: t = —1.75, P= 0.09, df = 57) in tree-
falls from the first to the second census interval for small and large
trees, respectively (Supplementary material Fig. S2). However, for
small trees only pushed fallen deaths increased (120%; paired t-
test: t=—-4.73, P<0.001, df = 71), while for large trees only death
alone increased (19%; paired t-test: t=-1.93, P=0.06, df=57).
There was also an increase (32%) in treefalls (uprooted plus
snapped; paired t-test: t=-3.17, P=0.002, df =71) from the first
to the second census for trees with dbh > 10 cm (Table 1). Pushed
fallen dead trees increased by 84% (paired t-test: t=-—3.69,
P<0.001, df = 71) while death alone did not change significantly
(t=-0.93, P=0.35,df=71).

3.3. Mortality rates by mode of death related to soil and slope

Little of the variation in mortality rates of any mode of death
was related to soil or slope (Table 2, Supplementary material
Tables S1 and S2). However, the magnitude of the effect of soil
and slope on treefall (uprooted plus snapped) mortality increased
from the first to the second census interval, probably due to
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Table 1

Mean percentage (+ 95% confidence interval) of dead trees >10 cm dbh according to modes of death for the first (2003-2005), second (2005-2008) and total census interval
(2003-2008). Asterisks indicate significant differences (paired t-test) between the first and second intervals. Significant differences among tree mode of death within each census
interval are indicated by different lower case letters at level of 0.1 by Tukey HSD test. One-way ANOVA results for mode of death were: F5 554 = 119.45, P < 0.001; F5 234 = 143.16,
P <0.001; and F3s4 = 187.63, P < 0.001, for the first, second and total census interval, respectively

Census Interval Standing Uprooted Snapped Others Treefall Alone Pushed

1st 59.03% +£5.88 9.72¢+3.35 22.79° + 4,66 8.47°+2.55 32.51+5.49 22.60+4.28 9.90 +£3.21
2nd 53.719+5.08 16.23““_ +3.24 26.69°+3.62 3378777 +£1.18 4292 +4.93 24.67 +3.05 18.24""" £3.60
Total 54.07" + 4.44 1442 +2.71 26.27'+3.12 5.24%+1.14 40.69 +4.25 2449 +2.83 16.20 £2.78

" P<0.01.
" P<0.001.

storms, which increased disproportionately tree uprooting and
snapping. Possibly as a result of the higher mortality in the second
census, most of the results in the total census interval mirrored the
patterns of the second census. Therefore, we generally report the
results from the total census interval, and only present results from
the first or second intervals when they diverge from those of the
total.

In the total census, 18% of variation in uprooting mortality of
small trees (4<dbh<30cm) was associated (Fsgs=5.05,
P =0.003) with soil and slope (Table 2). Uprooting mortality was
positively related to the soil-fertility gradient (PC2; t=1.96,
P=0.05) and slope (t=3.21, P=0.002), indicating higher mortality
by uprooting on plots with higher concentration of nutrients and
on steep slopes. Less variation (14%) in uprooting mortality of large
trees (dbh > 30 cm) was explained by soil and slope (Fs3¢g = 3.83,
P =0.01), but the patterns of the relationships were similar to those
observed for small trees (Table 2).

Snapping mortality of small trees was higher (F3gg=3.49,
P=0.02) on more fertile soils since the soil-fertility gradient was
positively related (t = 2.71, P = 0.009) to tree mortality by snapping
(Table 2). However, little of the variance (13%) was explained.

Soil and slope predicted only 10% of variance in standing mor-
tality of small trees and only in the second census interval
(F368 = 2.45, P=0.07). Standing mortality was negatively related
to the soil textural gradient (t = —1.95, P = 0.06), unexpectedly indi-
cating that fewer trees died standing on clayey soils on plateaux.

Treefall mortality of small trees was also higher on fertile soils
(t=2.71, P =0.009) and on steep slopes (t = 2.06, P = 0.04), but also
little variance (16%; Fs5 s = 4.34, P=0.007) was explained (Supple-
mentary material Table S1). Slightly more variation was explained
for mortality calculated for alone fallen dead trees (22% in the sec-
ond census interval; F3gg = 6.57, P<0.001), with higher mortality
on more fertile soils (t=3.41, P=0.001) and on steep slopes
(t=2.78, P=0.007). For large trees, only mortality for alone fallen
dead trees was related to the gradients, positively with soil fertility
(t=1.98, P=0.05) and slope (t=2.08, P = 0.04), but only 11% of the
variance was accounted for (F3gg = 2.73, P=0.05).

The relationships of mortality rates of trees with dbh > 10 cm
with the gradients of soil and slope (Supplementary material
Table S2) showed the same patterns as mortality of trees with
4 < dbh <30 cm. Slightly more variance was explained for uproot-
ing mortality (20% against 18% for trees 4 < dbh <30cm) and
slightly more variance was explained for snapping mortality (11%
against 13%), but the relationships with soil fertility and slope were
still posititve.

3.4. Differences in mortality between topographic positions

Despite low variance explained and low magnitude of the effect
of soil and slope on mortality rates, topographic categories and
mortality were highly related. Overall mortality of small trees in-
creased by 40% from plateaux to valleys, but mortality by uproot-
ing was more than twice as high in valleys and slopes than on

plateaux for small and large trees in the total census interval (Ta-
ble 3 and Supplementary material Table S3). Snapped and treefall
mortality were also higher (63% and 80%, respectively) in valleys
than on plateaux, and mortality for alone fallen dead trees doubled
from plateaux to valleys. However, standing mortality was not re-
lated to topographic position.

In the first census interval, mortality by uprooting of small and
large trees, and treefall and pushed mortality of small trees were
higher on slopes than on plateaux (Supplementary material Tables
S4 and S3), which may be an indication that under stable climatic
conditions, wind exposure on slopes may be more critical for tree-
fall than variation in soil, nutrient and water-table depth. Alone
mortality of small trees was higher in valleys than on plateaux.
Mortality in the second census was higher and showed the same
trends as described for the total census interval.

Mortality rates of trees with dbh > 10 cm were related to topo-
graphic position (Supplementary material Tables S5 and S6) and
the patterns followed those for mortality of trees with
4 < dbh < 30 cm. Some discrepancies, such as the absence of differ-
ences in snapped mortality related to topography in the total cen-
sus interval may be due to the exclusion of trees with dbh < 10 cm,
which are more prone to be snapped in valleys, where there was
higher alone treefall mortality.

4. Discussion
4.1. Tree mortality by mode of death

Since we classified dead trees as uprooted and snapped in the
second census, the increase from the first to the second interval
could be a result of errors associated with the classification of trees
that died in the first census. However, because dead trees were
previously classified as standing or treefall in the first census by
one of us (Castilho), we have confidence in the patterns shown
for treefall mortality.

More than half (54%) of the dead trees with dbh > 10 cm died
standing in Reserva Ducke, and only 14% uprooted and 26% were
snapped. Therefore, senescence is probably important in the pro-
cess of tree mortality in Central Amazonian forests, as a result of
high wood density of trees (Nogueira et al., 2005), dominance of
infertile deep clayey soils (Chauvel et al., 1987) and relatively
unseasonal climate. The same pattern was reported for northeast-
ern Amazonian forests in Venezuela, in which 48% died standing,
35% uprooted and 18% were snapped (Chao et al., 2009). In Para-
cou, French Guiana, 48% of dead trees died standing and 52% in
treefalls (Ferry et al., 2010). For dead trees with dbh > 20 cm, in
Andalau forest (North Borneo), 46% died standing, 14% were up-
rooted and 11% were snapped, and in Danum (East Malaysia)
37%, 14% and 22% were recorded as standing, uprooted and
snapped, respectively (Gale and Hall, 2001). All these forests share
similarities with forests in Central Amazonia, such as high wood
density, infertile deep soils and relatively infrequent storm distur-
bances (Carey et al., 1994; Gale and Hall, 2001; Chao et al., 2009;
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Table 2
Results of multiple regressions relating gradients of soil texture (PC1), soil fertility (PC2) and slope with tree mortality rates calculated for modes of death in two dbh size classes
in three census intervals: first (2003-2005); second (2005-2008); and total census interval (2003 -2008).

dbh Classes (cm) Mode of death Census interval Standard Partial Slope (b) P P R?
PC1 PC2 Slope
>4, <30 Standing 1st —-0.09 -0.04 —-0.03 0.19 0.90 0.01
2nd -0.23" 0.17 0.12 245 0.07 0.10
Total —0.22" 0.09 0.07 1.56 0.21 0.06
Uprooted 1st -0.17 0.02 0.26" 2.96 0.04 0.12
2nd —-0.08 0.27" 038" 4.49 0.006 0.17
Total -0.12 0.23" 039" 5.05 0.003 0.18
Snapped 1 -0.12 0.09 0.001 0.52 0.67 0.02
2nd -0.13 032" 0.12 2.94 0.04 0.11
Total -0.17 033" 0.12 3.49 0.02 0.13
>30 Standing Ist —-0.05 —-0.08 0.04 0.30 0.83 0.01
2nd —-0.08 -0.22° -0.27"" 1.82 0.15 0.07
Total -0.10 -0.23" -0.23" 1.54 0.21 0.06
Uprooted 1st -0.01 0.19 0.25" 1.62 0.19 0.07
2nd -0.15 0.21 0.22° 2.46 0.07 0.10
Total -0.13 0.27" 031" 3.83 0.01 0.14
Snapped 1st -0.11 -0.07 -0.03 0.32 0.81 0.01
2nd 0.05 0.14 0.02 047 0.70 0.02
Total —-0.05 0.07 —0.004 0.17 0.92 0.01
" P<0.1.
" P<0.05.
" P<0.01.

2 Three and 68 degrees of freedom.

Ferry et al.,, 2010), which allow deep rooting and prevent tree
uprooting and snapping. Uprooting and snapping are relatively
more frequent in Western Amazonian forests, due to higher fre-
quency of low-wood-density trees (Baker et al., 2004), storm dis-
turbances, high rainfall and shallow younger soils, with median
to low clay contents, which offer low adherence for roots (Quesada
et al,, 2011). In Northern Peru, 20% of dead trees died standing, 30%
were uprooted and 50% snapped (Chao et al., 2009). In Cuyabeno
(Eastern Ecuador), 20% were found standing, 42% uprooted and
38% snapped (Korning and Balslev, 1994), and in Hoja Blanca (Wes-
tern Ecuador), only 15% were found standing, but 34% were up-
rooted and 35% snapped.

Although we have analyzed short-term data, the increase in the
proportion of uprooting and snapping in the second interval indi-
cates the effects of storms. In January 2005, a single squall line
(cluster of convective storm cells) propagated across Central
Amazonia with downburst velocities between 26 and 41 ms~,
which are sufficient to cause large-scale forest tree mortality (Neg-
rén-Judrez et al., 2010). This event was associated with blowdowns
recorded in forests ~50 km northwest of Reserva Ducke (Chambers
et al., 2007). Two permanent large plots close to this location expe-
rienced the highest tree mortality since 1996 (Souza, 2011). Phil-
lips et al. (2009) associated the high mortality in Central
Amazonia only to the 2005 drought, but rainfall and local river dis-
charge demonstrated that the drought had little effect in Central
Amazonia (Marengo et al., 2008). Indeed, the drought in 2005
was not severe in Reserva Ducke (Supplementary material Fig. S1).

Increase in forest dynamism can provoke changes in the forest
composition which in turn affect carbon cycling. Under higher
mortality and recruitment, the predominance of fast-growing and
light-demanding species with light wood density is expected, as
in the Western Amazonian forests (Baker et al., 2004). There is evi-
dence that floristic composition of Central Amazonian forests is
changing (Laurance et al., 2004). Fast-growing emergent and can-
opy tree genera are increasing in density while many smaller and
old-growth subcanopy trees are decreasing. Local variation in
stocks and changes of biomass (Laurance et al., 1999; Castilho
et al., 2006, 2010) may be partly due to local variation in species
composition, as a consequence of mortality differences at meso-
scales (Toledo et al., 2011). The decrease in subcanopy species

may be irreversible under climate change scenarios of higher fre-
quency of heavy rains (Marengo et al., 2009), since death by
uprooting or snapping of large trees may increase and, conse-
quently, increase the mortality of subcanopy trees. However, con-
tinuous monitoring of forest mortality and composition will be
needed to determine whether changes are consequences of climate
change or part of a post-disturbance regeneration process of forest
patches (Nelson, 2005).

4.2. The effect of soil and slope on different types of tree mortality

We showed that the relationships of tree mortality with soil and
topography found by Toledo et al. (2011) are restricted mainly to
treefall mortality (uprooting, snapping and alone treefall mortal-
ity). Uprooting mortality was positively related to soil fertility
and slope, following the patterns of all types of mortality com-
bined. Espeleta and Clark (2007) showed that biomass and produc-
tion of fine roots (<5 mm in diameter) was lower on fertile soils
than on poor soils, possibly because trees do not need to invest
in a large root system where nutrients are not limiting, but this
may cause tree anchorage to be less efficient on fertile soils. Ques-
ada et al. (2009) found a positive relationship between soil fertility
and tree mortality at regional scales in Amazonia. However, soil
physical properties are related to soil fertility, which makes it dif-
ficult to identify causal factors related to uprooting. We had similar
difficulties in this mesoscale study in Reserva Ducke, since plots
with the highest concentration of nutrients are on sandy soils
and showed the highest mortality by uprooting. Furthermore, san-
dy soils in this region are also generally associated with small
streams, and have a shallow water table (Tomasella et al., 2008).
The higher proportion of uprooted dead trees in valleys in Amazo-
nia and French Guiana has been attributed to poor soil drainage
(Durrieu de Madron, 1994; Gale and Barfod, 1999; Ferry et al.,
2010). Excess water in the soil restricts root establishment because
productivity of fine roots and rooting depth are generally low on
sandy soils and soils with high moisture content (Schenk and Jack-
son, 2002; Espeleta and Clark, 2007). Although we did not directly
measure water-table depth in the plots, which would be strongly
associated to tree mortality and modes of death, the soil-fertility
gradient may be a surrogate for soil waterlogging because this
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Table 3

259

Mean tree mortality rates (+95% confidence interval) in two dbh size classes related to topographic position for all types of death combined and according to modes of death for
the total census interval (2003-2008). Significant differences among topographic positions within each census interval are indicated by different lower case letters at level of 0.1

by Tukey HSD test (see Supplementary Material Table S3 for ANOVA results).

Dbh Classes (cm) Topographic position Mortality (% year™!)

All types combined Standing Uprooted Snapped Treefall Alone Pushed
>4, <30 Valley 1.587£0.34 0.75+0.13 0.18%£0.10 0.44*+0.15 0.63£023 0272009 035%0.16
Slope 1.45% £0.22 0.70 +0.09 0.22*+0.06  032%+0.08 054+0.13  022°+0.05 0.32£0.10
Plateau 1.13°£0.15 0.65 +0.08 0.08" + 0.04 0.27°+0.08 0.35"+0.11 0.13°+0.05  0.22+0.08
>30 Valley 1.59+0.52 0574022  043%+033 0.47 £0.20 0.93+0.51 0.83+0.44  0.09+0.09
Slope 1.64 +0.40 0.73£0.16 0.42*+0.19 0.39+0.15 0.83£0.29 0.73+026  0.09+0.09
Plateau 1.35+0.23 0.75+0.16 0.15°+0.07 0.42 £0.14 0.57 £0.18 046+0.14  0.11+0.07

gradient was positively correlated to available phosphorus
(r=0.53, df=70, P<0.001) and negatively correlated to Fe®*
(r=-0.48, df =70, P<0.001). High available phosphorus and low
Fe?* are associated with waterlogged soil since microbial activity
under depleted soil redox potential releases phosphate anion
which is chemically sorbed to iron oxides and can reduce Fe?* to
insoluble FeS (Baldwin and Mitchel, 2000). Therefore, despite the
higher uprooting mortality on fertile soils, other factors such as soil
physical properties and flooding may have a synergistic effect on
tree uprooting.

The positive relationship between snapping mortality and soil
fertility may be explained by the high dynamics of forest patches
which lead to different floristic composition on more fertile soils
in Reserva Ducke. Although biomass stocks and biomass changes
were not related to the soil-fertility gradient in our site (Castilho
et al., 2006, 2010), all types of tree mortality combined were pos-
itively related to this gradient (Toledo et al., 2011). Disturbed sites
have higher probability of being re-disturbed. Pre-existing large
gaps (>375 m?) experienced more canopy disturbance than smaller
gaps or undisturbed sites in Barro Colorado Island (Young and
Hubbell, 1991). Shorter trees (<23 m) at gap-edges fell more fre-
quently in the gap direction than other directions. The constant re-
gime of disturbance and recovering on more fertile soils may
change tree species composition. There is evidence of changes in
floristic composition along the soil gradients in Reserva Ducke
(Castilho, unpublished data) since mean species-level wood den-
sity per plot is negatively correlated to the soil-fertility gradient
(r=-0.63, P<0.001, df=70), indicating the predominance of
low-wood-density species in valleys. Fast-growing species may
be more abundant in forest patches on more fertile soils because
nutrient supplies are not limiting. Due to the need to grow fast
to compete for space and light, these species develop wood tissues
of low density which may be more susceptible to failure (Alvarez-
Buylla and Martinez-Ramos, 1992; Chao et al.,, 2008), thereby
increasing snapping.

Uprooting and snapping mortality were higher on steep slopes.
Although mortality may be highly variable on weak slopes, because
of the contrasting mortality between valleys and plateaux which
are flat, slope angle may explain part of the variation in mortality
which is not associated with soil texture, nutrients and depth to
the water table. Slope angle may have a direct effect on tree
uprooting and snapping because trees may have centers of gravity
dislocated from the base of the tree on steep slopes (Robert, 2003).
Despite the development of more roots or buttressed roots to re-
main standing (Young and Perkocha, 1994), storms finally cause
tree snapping or uprooting. Furthermore, in Reserva Ducke, trees
may uproot on slopes because soils are rich in sand (~57%), and
the water table is shallow in the transition between slope and val-
ley (Tomasella et al., 2008). Gale and Barfod (1999) argued that
shallow soils were the main cause of tree uprooting in Ecuador,
but most soils on slopes in Reserva Ducke are deep (Chauvel
et al., 1987).

Despite the predominance of standing dead trees (>50%), this
type of mortality was only related to the soil textural gradient.
Unexpectedly, standing mortality was lower on clayey soils on pla-
teaux than on sandy soils in valleys, which contrast to the results
obtained in most studied sites in tropical forests, where a higher
proportion of standing dead trees was found on well-drained soils
in the higher parts of the relief (Gale and Barfod, 1999; Gale and
Hall, 2001). Trees die standing due to several factors, including dis-
ease, senescence, lightning and competition, but good anchorage,
stem resistance and climatic stability are essential to keep a dying
tree standing. Comparisons between plots in northwestern and
northeastern Amazonia on similar unfertile soils (mostly ultisols)
revealed that standing mortality is higher in the northeast where
the climate is more stable than in the northwest (Chao et al.,
2009). Snapping was higher in the northwest, probably as a result
of unstable climate and the predominance of light-wood tree spe-
cies, which are not able to stand against wind or falling trees. Soil
waterlogging may also cause standing death (Mori and Becker,
1991), and this type of death may have occurred after storm distur-
bances, but the reasons for this pattern are unclear.

This study showed an increase in the magnitude of the effect of
soil and slope on treefall mortality, possibly due to storms which
occurred in 2005 in the region (Chambers et al., 2007; Negrén-
Juarez et al., 2010). Higher frequency of treefalls and gap formation
in La Selva (Costa Rica) and in Barro Colorado Island (Panama) took
place in the rainy season (Brokaw, 1985; Brandani et al., 1988;
Denslow and Hartshorn, 1994). Under climate-change scenarios
of more frequent extreme rains in Amazonia (Marengo et al.,
2009), the rates of uprooting and snapping may increase substan-
tially. Therefore, in a more dynamic forest with higher mortality,
the effectiveness of soil and topography to predict variation in tree
mortality may increase.

4.3. The effect of topographic position

Topography is a composite variable, and may represent varia-
tion in wind exposure, resistance for anchorage, light and water
availability, soil texture or fertility. Investigating the effect of
topography on tree mortality is essential to make predictions over
larger areas (Ferry et al., 2010). However, the composite nature of
topography only allows speculations on the causal factors of differ-
ent types of mortality (Gale and Barfod, 1999; Gale and Hall, 2001;
Ferry et al., 2010).

In contrast to our results, treefall mortality on slopes was sim-
ilar to that on hilltops in French Guiana (Ferry et al., 2010); how-
ever, slope in our site may encompass the categories of slope and
downslope used by Ferry et al. (2010). Moreover, some plots clas-
sified as slope may have been classified as valley and vice-versa,
because we have no data on water table depth to set precise limits
between these categories. Treefall mortality in bottomlands in
French Guiana was 37% higher than in valleys in Reserva Ducke,
suggesting that waterlogging is more severe in the former. On
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the other hand, treefall mortality on slopes (0.54% year™!) in Res-
erva Ducke was similar to those for slope (0.50) and downslope
(0.56) in French Guiana. Treefall mortality on hilltops (0.42) in
French Guiana showed slightly higher mortality than in Reserva
Ducke (0.35), which may be due to more limited permeability of
soils in the French Guiana site (Epron et al., 2006).

The relationships between the continuous variables of soil and
slope and tree mortality indicate that variation in mortality is
weakly related to, and thus poorly explained by, those environ-
mental variables. However, the large differences in tree mortality
between topographic positions from the same dataset indicate that
tree mortality is related to topography and varies greatly between
valleys and plateaux. Nevertheless, testing for the effect of topo-
graphic positions may increase the probability of finding larger dif-
ferences because of the strong inference about weak categories
(Platt, 1964). The use of categories implies overlap of similar envi-
ronmental conditions and loss of information on the predictor vari-
ables. In this case, topographic positions enclose several factors
and we are not able to identify which variable is more critical for
tree mortality. Testing for the relationships between continuous
variables and tree mortality allows us to make a weak inference
about a strong category (each variable). Further, this method quan-
tifies the variance explained which can be used as a measure of
confidence for initial modeling. Gross categories will not explain
why the effect of topographic position varies among localities, or
allow effective modeling of effects of climate change.

The use of topographic positions as predictors may be an effi-
cient approach to assess whether differences in rates of mortality,
or differences in the proportions of modes of death, exist or not in
relation to topography, but as a tool for predict variation of mortal-
ity over larger domains, categorical predictors are inefficient. Ferry
et al. (2010) used an interesting sub-plot design to show that tree-
fall mortality increased by a factor of two from plateaux to valleys
and that all types of mortality combined increase by 50%. They
concluded that site characteristics must be included in the process
of scaling up the results. We found an 80% increase in treefall mor-
tality from plateaux to valleys, a two fold increase in alone treefall
mortality and 40% increase for all types of mortality combined. De-
spite the differences in plot designs and census intervals, our re-
sults corroborate Ferry’s et al. (2010). However, with the same
dataset we also showed that soil and topography explain little of
the variation in tree mortality, and further, we add more restric-
tions to models that attempt to predict mortality using soil and
topography because only some types of mortality were related to
soil and slope. Thus, we can draw two different conclusions from
our dataset applying different analytical approaches. Although soil
and slope may not incorporate all factors which are embedded in
topography, both predictors may act directly on mortality and
are more precise measures for site characterization and for model-
ing of mortality than topographic positions.

Alone treefall mortality had the highest association with soil
and slope (20% of the variance explained for small trees and trees
with dbh > 10 cm). However, this type of mortality represented
only 14% of small and 25% of dead trees with dbh > 10 cm. Stand-
ing mortality, which represented more than half of dead trees, was
weakly related to the gradients. Thus our capacity to predict mor-
tality over the landscape with soil and topography is restricted
mainly to mortality associated with storm disturbances. To im-
prove the models, we need to include factors which explain stand-
ing mortality. These variables could be descriptors of diseases,
senescence, lightning and competition (Alvarez-Buylla and Marti-
nez-Ramos, 1992; Magnusson et al., 1996; Gilbert and Hubbell,
1996; Gale and Barfod, 1999; Gale and Hall, 2001). Chao et al.
(2009) have shown that tree size, growth rate and wood density
were effective to determine if a tree will die standing or downed.
However, the models were parameterized for individual trees.

Predicting tree mortality with biological characteristics at plot le-
vel is a more complex task since the biological variables will come
from the tree community in the plot, which is a group of organisms
having species or individual variation in life history traits. A com-
munity level value of size, growth or wood density may not be able
to predict death of all individuals in a plot.
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