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Abstract. The Amazon basin, one of the most substantial surements of necromass, were scaled-up to project a total
biomass carbon pools on earth, is characterised by strongmazonian necromass of 94.0 Pg C. The ratio of necro-
macroecological gradients in biomass, mortality rates, andnass (on average weighted by forest region) to coarse above-
wood density from west to east. These gradients could afground biomass is 0.127. Overall, we find (1) a strong spa-
fect necromass stocks, but this has not yet been tested. Thigl trend in necromass in parallel with other macroecological
study aims to assess the stocks and determinants of necrgradients and (2) that necromass is a substantial component
mass across Amazonian forests. Field-based and literaturef the carbon pool in the Amazon.

data were used to find relationships between necromass and
possible determinants. Furthermore, a simple model was ap-
plied to estimate and extrapolate necromass stocks across
terra firma Amazonian forests. In eight northwestern and

three northeastern Amazonian. permanent plots, volume.s oFoarse woody debris (CWD) is a crucial component of for-
coarse woody debris={10cm diameter) were measured in ggt structure, as it constitutes an aboveground pool of car-

the field and the density of each decay class was estimate¢yoy, and nutrients (Harmon et al., 1986). CWD can ac-
Forest structure and historical mortality data were used tQ:gunt for 6 to 25% of total aboveground vegetative mass
determir_le the factors controlling necromass. Necromass i?biomass plus necromass) in the neotropics (Nascimento and
greater in forests with lovetemmortality rates (northeast) Laurance, 2002; Delaney et al., 1998; Rice et al., 2004), but
rather than in forests with higstemmortality rates (north-  hese studies are limited in their spatial extent. For exam-
west) (58.5:10.6 and 27.33.2Mg ha*, respectively). Us- ple, in Amazonia, the world’s largest tropical forest which is
ing all published necromass values, we find that necromasgssponsible for-50% of the biome’s productivity and res-
acrossterra firmaforests in Amazonia is positively related piration, necromass reports have been biased to forests in
to both forest dynamics (mortalitpassinputs and a surro- - eastern Amazonia, which are known to be one extreme of
gate for decomposition rate (average wood density of livingamazonian forest types in terms of both structure and func-
trees)) and fores:t structure (biomass), but is better explainegyp, (Malhi et al., 2006; Phillips et al., 2004). There are only
by forest dynamics. We propose an improved method to esyyq studies of CWD stocks (necromass) (Chao et al., 2008a;
timate necromass for plots where necromass has not begg,ker et al., 2007) and one of CWD volume (Gale, 2000)
measured. The estimates, together with other actual megom western forests, and there has been little pan-Amazon
evaluation of necromass stocks (e.g., Saatchi et al., 2007). In
the absence of direct measurements, necromass is often es-
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that higher biomass forests should also accrue more necr@ Methods

mass. However, the relationship between necromass and

biomass has not yet been adequately demonstrated in Ama&.1 CWD stocks: data sources

zonia, nor have other potential determinants (e.g., mortal-

ity mass-inputs or decomposition rate) been properly considThere are three types of data: measured necromass based
ered. A comparison of CWD stocks in regions with contrast-on our field work (hereafter termed as field-based), mea-
ing biomass stocks and forest dynamics would help to reveagured necromass based on literature (literature), and esti-
their determinants. mated necromass based on census data (estimated).

Factors that potentially control necromass include for- Field-based necromass measurements were conducted in
est type, structure, and successional stage (Harmon et akywo regions of matureerra firma Amazonian forests: one
1986), but must ultimately be related to the balance ofin the northwest (NW, eight ca. 1-ha plots), and the other
mortality inputs and decomposition outputs (forest dynam-in the northeast (NE, three 0.5-ha plots). NW Ama-
ics) (Olson, 1963). Quantitative studies of mortality in- zonia plots (ALP-A, ALP-B, SUC-01, SUC-02, SUC-04,
put in mass and CWD decay rates in the tropics are fewSUC-05, YAN-01 and YAN-02) were located in north-
(e.g., Chambers et al., 2000; Carey et al., 1994). Howeverern Peru (Allpahuayo,*®%7' S, 7326 W; Sucusari, 326'S,
some other strong macroecological gradients across Amazc?2°54 W; Yanamono 326’ S, 7251’ W) (Vasquez Maihez
nia have been shown: there is a two-fold increase in tree sterand Phillips, 2000; ¥squez Maihez, 1997). The NE
mortality rates from east to west (Phillips et al., 2004), with Amazonian plots are located at El Dorado (ELD-01/02 and
smaller concomitant decreases in biomass and wood densi03/04, 605-06 N, 61°24 W) and Rio Grande (RIO-01/02,
ties (Baker et al., 2004; Malhi et al., 2006). It may there- 8°06' N, 61°41' W), Venezuela (Veillon, 1985). Since the
fore be expected that there are also differences in necromassstablishment of these plots, living trees with a diameter
stocks, too. >10cm have been tagged, identified, and measured at ap-

The guestions we asked in this study are: (1) is there varifproximately four to five year intervals (Malhi et al., 2002).
ation in the quantity of necromass across Amazonia? (2) Literature necromass values incorporated published re-
can necromass be predicted from forest structural paramesults from humid, lowland Amazonian forests. We used both
ters (biomass) or dynamic parameters (mortality measurethe literature and our field-based necromass values to ex-
and decomposition estimates) of a stand? We hypothesisegolore pan-Amazonian relationships between forest structure
that forest dynamics, rather than forest structure, determin@nd dynamic parameters and necromass.
necromass stocks. First, we predicte® {) that there is Estimated necromass values were obtained for plots in the
no relationship between stocks of biomass and necromasKAINFOR database (Peacock et al., 2007) where stocks of
contrary to a basic assumption made in many carbon budnecromass have not been measured. The chosen plots were
get studies. Our second predictiaPp(j) is that forests with  restricted to those located taerra firma Amazonian forests
high mass-mortality rates (amount of dead mass) and slowhat have been recently recensused (between 2000 and 2006)
decomposition rates have higher stocks of necromass. WgAppendix A). The estimation method was based on the rela-
also expectedA; o) that forest stands with higher wood den- tionship between decay rate and wood density and a simple
sity would have lower decay rates, and thus higher necrosteady state model (Olson, 1963). The estimated necromass
mass stocks, as decomposition rate is negatively correlatedalues, together with measured CWD values (field-based and
with wood density (Chambers et al., 2000). literature), were used to extrapolate necromass stocks across

We explore these ideas using our field measurements, pulAmazonia.
lished data, and a tree-by-tree census dataset (the RAINFOR
project; Malhi et al., 2002; Peacock et al., 2007). Firstly, vol- 2.2 CWD stocks: field-based measurement
umes of CWD were measured using the plot-based method
(Harmon and Sexton, 1996) in two regions of Amazonia, andCWD stock (necromass, Mg h&) for decay clasg (d=1to
densities of CWD estimated using equations developed by3) is the product of volumevj and density §;), and then
Chao et al. (2008a). Secondly we examined the relationshipstandardised by the size of the plot. In our field work, we
between necromass and forest structure and dynamics (i.emeasured the volume of and classified decay classes for all
mortality and a decomposition surrogate) using our field re-dead woody material, including trees, lianas, and palms, with
sults and published data. Finally, a simple model was ap-a diameter=10 cm.
plied to predict CWD stocks for places where necromass has CWD volume within a plot was measured by the plot-
not been measured, assuming a steady state (Olson, 1963%)ased method (Harmon and Sexton, 1996) in 2004 for the
A fully pan-Amazonian perspective on necromass stock wadNE plots and in 2005 for the NW plots. Both CWD lying
developed by combining existing measurements with the preen the ground (fallen CWD) and standing and broken stumps
dicted values. (standing CWD) were included. Diameter4) and 2 (D2)

at each end of a CWD piece were measured to the nearest
centimeter. For logs tapering to less than 10 cm diameter,
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diameters and lengths were taken to where the piece reachdbe average for the genus (34% of 5401 individuals) or family
10 cm. When wood was partially buried in litter and therefore (5%) was used. For unidentified trees and individuals where
difficult to measure, diameters were taken as two perpendicfamily-level data were lacking (2%), the average wood den-
ular cross-sections of the wood, one horizontal and one versity of all stems in the plot was used.

tical to the ground. Diameters of standing CWD were mea-

sured at the lowest part of the trunk above any buttress root2-3 CWD determinants: CWD input and decay rate

The diameter of the narrower end of a stump was taken from ) ] .

the fallen log on the ground, and where this was not possibléWD _input (annual mortghty mass input, I,

it was visually estimated. Major attached branches of standM9 ha tyear?) for each plot is the sum of dead tree
ing trees were visually estimated. Where CWD was hollow, Piomass (AGRBoarse see next section), calculated using
the thickness of the solid section was recorded and used tBrior-to-death diameter measures and the allometric models
adjust the volume of CWD. The volume,(m3) of each (Chambers et al., 2001; Chave et al., 2005), divided by

CWD piece was calculated using Smalian’s formula (Phillip, the census interval. We used short interyal (about 4-year)
1994): census data to represent recent mortality eveligehs

Mg ha lyear?).

) As the decomposition rate is a function of wood density
(Fig. 1a in Chambers et al., 2000), we useg ; (gcn>)
as a surrogate for the plot-level decomposition rate.

|:7T(D1/2)2 + R(DZ/Z)Z}
v = Lcwp 5

where Lcwp (m) is the length of a CWD piece, and is
the diameter (m) at either end. If two measurements (hor2.4 CWD determinants: coarse aboveground biomass
izontal and vertical to the ground) were taken, the geomet-
ric mean was used to estimate diameter. For hollow CWDAboveground biomass as dry weight (AGB, kg) of each plot
pieces, volume was calculated by subtracting the inner voidvas estimated. A locally-derived AGB allometric model is
volume from the outer volume. currently unavailable for our studied regions, so we applied
Decay classesi(j of CWD were classified in the field, in- two models developed from other tropical forests. The first
cluding intact (class 14=1), partially decayed (class 2=2), model is the Chambers model (Chambers et al., 2001), based
and rotten (class 3/=3) as described in Chao et al. (2008a). on harvesting at one site near Manus, Brazil (Higuchi et al.,
Where the decay classes of bark and heartwood were ver}998), derived from trees larger than 5cm in diameter at
different, classes were assigned separately. In humid, lowl.3m or above the buttresses=315). This model was ad-
land neotropical forests, density of each CWD decay classusted to account for species-level wood density as suggested
(04, gcnm3) is closely related to the plot-level living wood by Baker et al. (2004):
density (Chao et al., 2008a). Thys; was estimated as a

Pi
function of the plot-average wood density of live trees. AGB = [0_67 exp(0.333[|n D;] +0.933[In D;]?
pa=1 =117 ppa ;] — 0.21 @) ~0.122[In D13 — 0.370)] : @)

and wherep; (gcm2) is the species-level wood density of tree

pa=2 = 1.17[ppa j1 —0.31 3) i, andD; (cm) is the diameter at 1.3 m of the same tree.
The second model is the Chave model, from a pan-tropical,

where ps—1 and ps=2 represent the CWD densities in de- 1 itisite (:=15) study of “moist forests” with allometric

cay class oned=1) and two {=2), respectively, an@sa;  models derived from trees larger than 5cm (Chave et al.,

3\ . ..
@ cm ) 1S the'wood density of I|V|ng. trees of ploj, 2005). The Chave model accounts for species-level wood
weighted by their basal area. For CWD in decay class threedensity:

the average value of density for debris in “decay class three”

from published studies of humid, lowland neotropical forests agpg — 4, exp(2.148[|n Di] +0.207[In D;]?

(0.29 g cnm3) was used, as suggested by Chao et al. (2008a).

The living wood density£g 4 ;) of plot j were obtained from —0.0281[In D;]° — 1,499) (5)

the RAINFOR database (Peacock et al., 2007) and a species

wood density database (Chave et al., 2008péz-Gonzalez  Our preliminary comparisons showed that estimates using
et al., 2006; Baker et al., 2004). The use of the three dethe Chave model were generally greater than those based on
cay class method is less susceptible to potential problems ahe Chambers model, especially for trees larger than 80 cm.
small sample sizes and the high diversity of tropical treesWe report estimates using both models to represent a possible
than a five decay class method (Chao et al., 2008a, cf., Kellerange of AGB for our plots.

etal., 2004; Palace et al., 2007; Rice et al., 2004). Wood den- Coarse aboveground biomass (AGBse Mg) was esti-

sity data were matched to plot data on a tree-by-tree basis. Imated by multiplying AGB with a correction factor (0.85)
cases where species-level wood densities were unavailablég account for the proportion of biomass in branchd® cm
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Table 1. Necromass and coarse aboveground biomass in the northwestern (NW) and northeastern (NE) Amazonia-(eS&hage

(a) Necromass

Region Year Necromass (N) (Mgh#) SIF*
Intact Partially decayed Rotten Total
NW 2005 10.%15 15.2+2.6 2.06+0.5 27.3:3.2 0.34:0.07
NE 2004 18.47.1 39.Gt8.7 1.10.6 58.5:10.6 0.43t0.22
(b) Biomass
Region Year Biomass (AGBarsd (Mg ha—l)Jr N/AGBgqarsé
Chambers Chave Chambers Chave
NW 2001 247.%1.9 266.742.5 10.3:1.3  11.#1.3
NW 2005 253.&3.1 274.6:4.8 10.#1.3 10.9t1.4
NE 2000 344.558.4 376.476.5 16.8t4.5 18.0t4.4
NE 2004 337.359.4 368.&75.9 17.34.8 18.5:4.8

* S/F: the ratio of standing to fallen CWIT)'/—\GBcoarsewas estimated by two allometric models (Chave et al., 2005; Chambers et al., 2001)
~4 years prior to the CWD census and in the year of CWD census ifgéAAGBcoarse(%): the ratio of total necromass to coarse biomass.

diameter only (Higuchi, unpublished data, cited in Chambers3 Results
et al., 2000).
3.1 Stocks of measured CWD
2.5 CWD estimation
In our field study, total necromass (stock of CWD) was
For places where necromass has not been measured, a simgjeeater in the northeastern than in the northwestern plots
model (Olson, 1963; see also Keller et al., 2004; Palace e(Mann-Whitney U testp=0.025) (Table 1). In both regions,
al., 2007, 2008) was applied to predict CWD stocks in themost CWD was partially decayed (Table 1). The ratio of
Discussion Sects. 4.3 and 4.4. This is based on the followingtanding to fallen CWD is 0.34 in the NW and 0.43 in the NE
equation, plots (Table 1). Taking CWD into account increased coarse
aboveground vegetative mass by up to 11% in NW Amazo-

dN/dt =1 —kyN (6) nia and 19% in NE Amazonia, compared with aboveground
wherek,, is the decomposition rate at steady state (ybgr Ve biomass aloneN/AGBcoarse Table 1). ,
is the mortality mass input (Mg hid year 1) of that plot, and The averageK1 SE) necromass of available Amazonian

- . 1 . . -
N is necromass (Mg hd). Assuming forests are close to Studies is 31.&2.7 (Mgha™) in terra firmg 23.4£7.4 in
dynamic equilibrium (steady state), the change of necromas¥/ité sand forests, and 1&:2.5 in floodplain forests (Ta-

(dN/dr) would be equal to zero. Therefore, decay rates ofP!€ 2)- The necromass measuredafa firma Amazonian
CWD can be expressed as forests will be referred to as literature necromass values here-

after.
ks = 1/N (7) . .
3.2 Determinants of measured CWD acrosgerra firma
As the decay rate is negatively correlated with wood density Amazonian forests
(Fig. 1a in Chambers et al., 2000), we sought a relationship
betweenpg ; (9 cm3) andk, (based on the literature and We found positive relationships between biomass
our field-based values for necromass and mortality mass in{AGBcoarse and necromass (from field-based and liter-
put). Such a relationship would allow necromass to be esti-ature measures, Table 2) (Fig. 1a):
mated using mortality mass datg) @nd living wood density  p; _ 0.133AGBcoarsd — 1.678 (2 = 0.124, p = 0.038)(8)

i, kgs Surrogate), ad=1/kg;. . -, .
(P4 js Kss gate) ks Also, necromass is positively related to recent mortality mass

input (Ireceny (Fig. 1b),

N = 5.23MIrecen] + 4.061 (r> = 0.234, p = 0.007)  (9)
and plot-level average living wood density (Fig. 1c):

N = 161451[pp4 j1—70.474 (r*> = 0.368 p < 0.001)(10)

Biogeosciences, 6, 1615626 2009 www.biogeosciences.net/6/1615/2009/
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Table 2. Coarse woody debris across humid, lowland Amazonian forests, incltetiregfirma, sandy forest, and floodplain types from this
study and other publications. D., minimum diameter criteria of coarse woody debris (cm); votyme ha1); Necromass¥, Mgha 1,

+1 SE); S/F, ratio of standing to fallen CWD; AGEurse coarse aboveground biomass (Mg haaboveground biomass multiplied by coarse
correction factor, 0.85)lrecent recent mortality mass input (Mg hd year1); pga j» average living wood density of plgt weighted by

basal area (g ciP).

Foresttypé Regiod  Plot Name D. Volume Necromdss S/F  AGBeoarse Irecent Ppa # Reference
terra firma NE ELD-01/02 10 118.31 74.54{—, a) 027 4345 6.7 0.769 This study
terra firma NE ELD-03/04 10 137.36 62.8H—, a) 0.16 229% 8.6 0.648 This study
terra firma NE R10-01/02 10 72.62 38.4H—, a) 0.87 3478 6.3 0.708 This study
terra firma NE ELD-01/02and 2.5 - 33.3£7.5,a) 0.80 303.7 2% 0.740 Delaney et al. (1998)
RIO-01/02
terra firma NE San Carlos de 7.6  — 23.1410.3,b) - - - - Kauffman et al. (1988)
Rio Negro
terra firma NE San Carlos de 7.6 - 7.6 4.9, b) - - - - Kauffman et al. (1988)
Rio Negro
terra firma NW Upper Rio Ne- 5 - 26.3 9.1, a) - 187.9 - - Saldarriaga et al. (1988)
gro
terra firma NW ALP-A 10 71.62 3144 - a) 0.16 254% 25 0.649 This study
terra firma NW ALP-B 10 94.55 41.14£ -, a) 071 2358 7.9 0.617 This study
terra firma NW SUC-01 10 54.70 21.5(—, a) 020 2519 59 0.593 This study
terra firma NW SUC-02 10 62.57 27.4—, a) 0.10 2514 4.4 0.614 This study
terra firma NW SUC-04 10 55.81 25.5 —, a) 0.43 2609 55 0.623 This study
terra firma NW SUC-05 10 92.92 37.9—, a) 035 2538 4.8 0.607 This study
terra firma NW YAN-01 10 42.05 1544 —, a) 024 2639 4.8 0.560 This study
terra firma NW YAN-02 10 44.87 18.6f —, a) 052 2603 4.1 0.593 This study
terra firma NW JEN-11 10 46.60 20.3{ —, a) 041 2548 4.6 0.669 Chao et al. (2008a)
terrafirma  SW Ccuz-01 10  49.52 19.84 -, a) - 226.68 49" 0581  Bakeretal. (2007, raw data)
terra firma SW CuUz-02 10 60.58 23.9 -, a) - 193.88 5.2 0.513 Baker et al. (2007, raw data)
terra firma SW CUz-03 10 41.66 16.6H—, a) - 199.48 4.6 0.566 Baker et al. (2007, raw data)
terra firma SW CuUz-04 10 52.76 21.06—, a) - 240.88 7.4 0.586 Baker et al. (2007, raw data)
terra firma SW TAM-01 10 35.04 13.54 — a) - 201.48 3.7 0.527 Baker et al. (2007, raw data)
terrafirma ~ SW TAM-02 10 8120 33.1%- a) - 21088 48 0539  Bakeretal (2007, raw data)
terrafirma  SW TAM-04 10 2276 9.8£- a) - 24948 53 0618  Bakeretal (2007, raw data)
terrafirma  SW TAM-05 10  35.63 14.3% -, a) - 21588 47 0606  Bakeretal. (2007, raw data)
terra firma SW TAM-06 10 15.76 6.3£ -, a) - 219.48 3.5 0.506 Baker et al. (2007, raw data)
terra firma SW TAM-07 10 37.76 1494 - a) - 223.88 3.9 0.579 Baker et al. (2007, raw data)
terra firma SW TAM-08 10 51.84 21.6f£—, a) - 188.88 3.0 0.598 Baker et al. (2007, raw data)
terra firma E Rondnia ?10 - 30.0£ -, b) - 242.3 - 0.760 Brown et al. (1995)
terra firma E Rondnia 25 - 30.5£6.9, b) - 260.8 - - Cummings et al. (2002)
terra firma E Juruena, Mato 10 - 43.2 1.6, a) 0.14 223.6 7 - Palace et al. (2007)
Grosso,
terrafirma E TUF1, Tapa)s 10 9460  52.8414.9,a) 0.17 239.7 79 0691  Kelleretal. (2004)
UF, Paa
terrafirma E TUF2, Tapa)s 10 9420  51.8410.1,a) 0.17 239.7 79 0691  Kelleretal. (2004)
UF, Paa
terra firma E CUF1, Cauaxi 10 86.60 43.8412.0,b) - - - 0.691 Keller et al. (2004)
UF, Paa
terra firma E CUF2, Cauaxi 10 97.10 52.8€14.3,b) - - - 0.691 Keller et al. (2004)
UF, Paa
terra firma E Tapaps UF, 10 - 52.4 42.4,a) 017 239.7 8h - Palace et al. (2007)
Pag&
? terrafirma E Paragominas, 10 - 55.0 7.5, a) 0.67 219.3 - - Gerwing (2002)
Paé&
? terrafirma E Vitoria Ranch, 7.61 - 42.3419.7,b) - - - - Uhl and Kauffman (1990)
Pa&
terra firma E Tapaps, Paa 10 166.70  86.6413.4 - 250.6 4.8 0.691 Rice et al. (2004)
(95 % Cl), a)
terra firma E Manaus 10 - 21.0 - c) - 310.4:8 3.6 0.703 Chambers et al. (2000)
terrafirma  E BIONTE, ? - 29.7 ¢12.2 - 310.#8 23" 0703  Summers (1998) cited in
Manaus (? SD), ¢) Chambers et al. (2000)
terra firma E Reserva Flo- 3 - 95—, b) - - - - Martius and Bandeira
restal Adolfo (1998)

Ducke, Manaus

www.biogeosciences.net/6/1615/2009/
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Table 2. Continued.

Forest typé RegiorT Plot Name D. \Wolume Necromass SIF AGBroarse Irecent  ppp * Reference
terra firma E Manaus ? 25.84 —, a) 0.42 L - - Klinge (1973)
terrafirma E Manaus 0 - 31.042.5,a) 0.25 276.7 - - Nascimento and
Laurance (2002)
Average 68.5 31.6 0.36 249.1 5.2 0.63
(+6.6) *2.7) (£0.05) E&7.9) (£0.3) (*0.01)
White sand  NE SCR-04D 10 32.18 162 ¢, a) 0.43 29048 - 0.701 Chaoetal.,
unpublished data
White sand  NE SCR-05D 10 75.87 398 ¢, a) 0.52 29548 - 0.721 Chaoetal.,
unpublished data
White sand  NE San Carlos de7.6 — 2.5(1.6,b) - - - - Kauffman et al. (1988)
Rio Negro
White sand  NW ALP-30 10 76.93 37.&(, a) 0.91 23348 33 0.660 Chao et al.,
unpublished data
White sand  NW JEN-12 10 86.00 4141 ¢, a) 0.47 23668 0.6 0.699 Chao et al. (2008a)
Sandy E Marag Island, 5 - 393 — a) 0.33 - - - Scott (1992)
Roraima
Average 67.7 23.4 0.53 264.1 2.0 0.70
(£12.1) &7.4) (£0.10) &16.7) @&1.4) (*0.01)
Floodplain NW floodplain plot, 10 42.30 10.3£—,b) - 214.48 - 0.510 Chao et al. (2008a)
Jenaro Herrera
Floodplain NW SuUC-03 10 37.29 21.8(, a) 0.27 28448 3.4 0.718 Chao et al.,
unpublished data
Floodplain E Lago Cobra ? - 3.6&—0c) - - 6.0 - Martius (1997)
23-25 m a.s.l.,
Manaus
Floodplain E Lago Cobra ? - 1044 —,¢) - - - - Martius (1997)
25-26 m a.s.l.,
Manaus
Floodplain E Lago Cobra ? - 59&—c¢) - - - - Martius (1997)
26-27 m a.s.l.,
Manaus
Floodplain E Lago Central ? - 11.4¢—,c¢) - - - - Martius (1997)
23-25 m a.s.l.,
Manaus
Average 39.8 104 - 249.9 4.7 0.61
(£2.5) (*2.5) (#35.1) @1.3) (£0.10)

* terra firmais defined as humid, lowland forest, presumed not to have experienced fluvial flooding in at least 250 years (Phillips et al.,
2004), and not on white sand soiTsNE: north-eastern (Venezuela, Guyana, Suriname, and French Guiana); NW: north-western (Columbia,
Ecuador, and northern Peru); SW: south-western (Acre state of Brazil and southern Peru); E: eastern (Brazil, excludﬁ]gypme))f

CWD, a: includes both fallen and standing CWD; b: only fallen CWD; c: uncl%mGBcoarse' aboveground biomass (AGB) estimated

by the Chambers model (Eq. 4) multiplied by coarse correction factor, DB&timated using standing to fallen CWD ratio in Palace et

al. (2007);T Not included for Fig. 1, as more detailed results are presented in TUF1 and TUF2 of the Keller et al. (2004) sstidyated

from decomposition rate, assuming in steady sthtaiculated in this study, using adjacent plots from the RAINFOR database (Baker et al.,
2004; Lopez-Gonzalez et al., 2006; Chave et al., 2006; Peacock et al., 20@¥grage of 13 most dominant trees, weighted by volume;

' The biomass listed in the paper (731.7 Mg/ha) is fresh weight including epiphytes, saprophytes and lianas, so it is not included in the
analysis.

4 Discussion 4.1 Stocks and determinants of measured CWD across
terra firma Amazonian forests
This study presents new measurements of CWD from two

regions with a two-fold difference in mortality stem rates, gssed on our field data. stocks of CWD within regions
and also shows how pan-Amazonian patterns of CWD vary, o higher in NE Amazonia than in NW Amazonia. In

with other parameters. other Amazonian studies, coarse necromass ranges from
2.5Mgha? in a dry and poor-nutrient white sand forest in
Venezuela (Kauffman et al., 1988) to 86.6 Mgtan an old-
growth Brazilianterra firmaforest that was recovering from
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(a) (b) (c)
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Fig. 1. Relationships between necromass émdcoarse aboveground biomagis) mortality mass input, an¢t) plot-average living wood

density acrossgerra firma Amazonian forests. Solid lines are regression lines for the model and the dashed lines are the 95% confidence
intervals for means. Relationships between necromass and coarse aboveground biomag&{&@@zo.124,p=0.038), mortality mass

input (frecend (r2=0.234, p=0.007), and plot-average living wood densipys(y i) (r2=0.368, p<0.001) are all significant. All sites in

Table 2 with appropriate data are plotted. '

a period of high mortality (Rice et al., 2004). The NE Ama- 4.2 Uncertainties
zonian forests in our study are towards the higher end of the

range, whereas the NW forests are close to the average fasome factors which can influence the necromass pool have
terra firmaforests. Although the stem mortality rate (num- not been considered in our study. These include: (1) small
ber of dead trees) in NE Amazonia was low (Chao et al.,pranch 10cm diameter) contributions to the necromass

2008Db), there was high mortality mass input (amount of deachool, (2) branchfall contributions to necromass production,

mass) (Table 2). This pattern suggests that big trees died igng (3) temporal variation in mortality rates.

the NE forests (see also Chao et al., 2008b) and necromass Small branches (2-10 cm diameter) may contribute a sig-
is closely related to mass-mortality rates rather than steM;sicant portion to total necromass pool (e.g., 8-18% in

mortality rates. Keller et al., 2004; 10% in Rice et al., 2004), but we did

) When using a !grger sample (?f publishteda firmastud- not take this portion of dead wood into consideration as there
ies, we find positive relationships between necromass angre few appropriate data

biomass (AGBoarse, mortality mass inputlecend, and plot- . . . .

level average living wood densityg4 ;). These findings . Net_crorpa(ljsks) prodl:clt_lf)n (mortalcllwtmat\)si |Fr,1p|ut) n ;)ulr S;%%é
suggest that across Amazonian forests there is a gradier\?tes 'mgti ti/hr_nor atlhygensus ga, 3 ?acee al( )
in necromass that relates to the macroecological gradient ressed that this method can underestimate necromass pro-

in Amazonian forests (see Baker et al., 2004; Malhi et al. uction by up to 30-50%. This is mainly due to overlook-
2006). These results do not support (;ur prédictiﬁmlﬁ 'ing that branchfall can contribute considerably to the flux

that there is no relationship between stocks of necromasge'g" Clark Et_ al.,_ 2001). Better quantification of the necro-
and biomass, but support the prediction® { and P»2) mass production in branchfall would reduce the uncertainties

that necromass is positively related to mass-mortality rateé)_]c the relationship between necromass production and pool
and plot-level wood density. However, Fig. 1a showed that™>'2€:

among Amazonian forests with similar quantities of biomass, Our calculations are based on the assumption that the stud-
there is a wide range of necromass, suggesting that biomad8d forests are in dynamic equilibrium. Our studied plots
is less useful than using wood density or mortality mass in-are located in forests free of cyclones, but wind-storms or
put to predict necromass. Here, we propose a new hypothedroughts sometimes affect forests. For example, the extreme
sis (modified from our original hypothesis) that necromass isvalue of CWD reported from Tapajos (Rice et al., 2004), is

better explained by forest dynamics than by forest structure likely to reflect an earlier large disturbance. Census inter-
val length may also influence the mortality mass input. For

example, longer periods may lead to an underestimation of
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1622 K.-J. Chao et al.: Stocks and determinants of Amazonian necromass

- = 4.3 Improving necromass estimation: method

To account for the carbon store in coarse woody debris
across Amazonia, current research (e.g. Houghton et al.,
2001; Malhi et al., 2006; Saatchi et al., 2007) typically uses
a simplified necromass/biomass ratio (0.091, reviewed in
Houghton et al., 2001). However, the Houghton et al. (2001)
result was not specifically applicable for humid forests and
included a wide selection of forest types (e.g. abandoned pas-
tures in Uhl et al., 1988; tropical dry forest in Delaney et al.,
1997). Moreover, some eastern Amazonian studies showed
an even higher ratio (e.g., 0.33 in Rice et al., 2004) that may

Colombia

Necromass. (Mgl ha)
Estimated

A ox result from past disturbances. Because necromass is a func-
A, tion of mortality and decomposition, and the link between
A necromass and biomass is indirect and tenuous, methods for

40 - 60

e P O g3 ‘ estimating necromass stocks in Amazonia can be improved
J using a larger dataset based on dynamic measures.

Here, we apply the new dataset collected by this study to
generate an updated estimation method for necromass across
Amazonia. This is achieved by using a simple model from

Bolivia

i 7 Olson (1963) and data in Table 2. Assuming forests are close
0 250 500 to dynamic equilibrium, the decay ratg) is a function of
. hile ] argentina™ P2r204aY | S kim) necromass and mortality mass input. Moreover, as decay rate

% Lakes e 50" px

is a function of wood density (Chambers et al., 2000), the es-
timated decay rates across Amazonian forests can be related
to their plot-level average living wood density as:

Fig. 2. Necromass irterra firma Amazonian forests. Estimated

necromass (using Eq. 12727), on the basis of known mortality

mass inputs and plot-level wood densipy(s ;). Measured necro- kg5 = Irecen/ N = 0.879 054 j]z —2.134ppa ;]

mass (Table 2;=42), on the basis of field measurement from this 2

study f(;md och:r putzlished literature. +1.202 (= 0329 p = 0009 (11)
wherek, (year 1) is the estimated decay rate in steady state,
derived from the ratio of recent mortality mass input rate

mortality, because trees with short-lifespans contribute les§/;ecend and necromass\). pga j (9 cm3) is the average

to the calculation (Lewis et al., 2004). However, when usingliving wood density, weighted by basal area, of plot

different census lengths, itis very likely that the major trends  As a result, for a plot where necromass has not been mea-

will persist. Long-term studies of tree mortality dynamics sured, necromass can be predicted by their known mortality

across sites would provide a valuable extension to this studymass inputs and decay rate estimates:

It is also arguable that in the cross site comparisons,N _ '

the measured necromags)(values are not independent of = — recent Kss 5

plot-level living wood density £z ;, Fig. 1c). These argu- = Irecen/ (0.879ppa j1° — 2134 ppa j1+1.202)  (12)

ments may come from (1N was calculated as a function

of CWD wood density 44); (2) ps was derived from stand- 4.4 Improving necromass estimation: estimated values

average of wood densityg, ;); (3) ppa j, and AGB were based on RAINFOR data

both derived from individual wood density,(). It seems that

correlations between these parameters are inevitable as thdp demonstrate necromass estimates for places where necro-

are founded on the same measures. However, parts of findnass has not been measured, we applied Eq. (12) to estimate

ings are based on other published, independently measurefiecromass stocks for all Amazonigrra firma permanent

terra firma data (Table 2). Also, when examining the rela- plots ¢=27) in along-term research project (RAINFOR) that

tionship betweerpg, ; and volume of CWD (independent met four criteria: currently without necromass measurement,

of ppa ;) acrossterra firmaplots, the relationship between censused recently between 2000 and 2006, have short-term

wood density and CWD stocks persists (linear regression(3.5 to 6 years) mortality mass input data, and are included

p<0.001, r2=0.389, similar to that of Eq. 10). Together, in a tree-by-tree database (Peacock et al., 20072, Ap-

these results confirm the strong gradient of decreasing cCwmpendix A). The estimated necromass values (Appendix A)

stocks from east to west parallel to a decrease in plot-levefogether with measured necromags42, Table 2) showed a
living wood density. decreasing necromass gradient from north-eastern to south-

western Amazonia (Fig. 2).
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Table 3. Stocks of coarse necromass and coarse aboveground biomass of tropical rdinfoest Amazonian regiona/, necromass, the
average£1 SE) of measured:E42, Table 2) and estimated=<27, using Eq. 12) necromass; AgRrse coarse aboveground biomass.

Regiort  Area Average (Mg hat) Carbon stock (Pg (‘5‘)

(106 kmz)ﬂ N AGBcoarse N/AGBcoarse N AGBcoarse Total
NE 0.53 39.410.1 328.442.8 0.1660.039 1.1#0.3 8.81.1 9.8t14
E 3.95 36.@2.7 284.47.8 0.1320.013 7.#0.5 56.3:1.5 63.4:2.1
NW 0.76 24526 238285  0.1030.011 0.90.1 9.6t0.3 9.9+0.4
SW 0.42 17.51.8 216.%5.8 0.0820.009 0.40.0 4.6:0.1 4.9:0.2
S 0.17 17.43.0 206.#17.4 0.09&:0.020 0.%#0.0 1.8t0.1 1.9+0.2
Total 5.83 9.61.0 80.4£3.3 90.0t4.3
Averagé 33.0+43.0 275.5:14.9 0.1220.010

T Defined as all monthly mean temperatw#8°C and<3 dry months in FAO (2000)* NE: north-eastern (Venezuela, Guyana, Suriname,

and French Guiana); NW: north-western (Columbia, Ecuador, and northern Peru); SW: south-western (Acre state of Brazil and southern
Peru); S: southern (Bolivia); E: eastern (Brazil, excluding Ac’?‘e;: stock is estimated as 50% of mass (Elias and Potvin, Zdoajea of

tropical rainforest (FAO, 2000)§. Weighted by the area of forest cover in each region.

4.5 Improving necromass estimation: extrapolating gesting that forest type can influence the quantity of CWD.

across Amazonia Therefore, discounting the variation between different for-
est types could lead to either over- or underestimating mass

To better estimate necromass stock across Amazonia, wetocks across Amazonia.

scale up both the estimated and measured results of necro- Our study has shown that necromass is not an invariant

mass regionally and then to the entire Amazonian basinfraction of biomass, even withiterra firmaforests, nor is it

Firstly, both the estimated and measured results of necromasavariant across regions (Kruskal-Wallis tegt0.021, Ta-

(Appendix A and Table 2) were averaged for each broadly-ble 3). Moreover, the average ratio weighted by area of

defined Amazonian region (Table 3), in order to estimate theeach region (0.127) is greater than the commonly used value

regional necromass value. Secondly, we multiplied the av{0.091) reported in Houghton et al. (2001). Future studies

eraged values of necromass by the “tropical rainforest” areaan either apply Eqg. (12) for a plot-level necromass estima-

(reported by FAO, 2000) in the same region (Table 3), in or-tion, or apply the updated necromass/biomass ratios reported

der to estimate total necromass for each region. The samim Table 3 for regional estimations. To accurately measure

method was applied for biomass. Finally, we assumed thagboveground carbon pools across Amazonia, further research

coarse woody debris and living trees are 50% carbon by dryshould consider both the quantity of necromass in different

weight (Elias and Potvin, 2003). Thus, across Amazonia,forest types.

the estimated carbon stock-1 SE) in coarse necromass is

9.6+£1.0PgC and in coarse biomass is 80343 PgC (Ta-

ble 3). Together, total coarse aboveground dead and alivg Conclusions

coarse woody mass accounts for 98403 Pg C (Table 3).

The gquantity of coarse biomass estimated here is veryOther studies have demonstrated several macroecological
similar to a result estimated by a kriging-based methodgradients from east to west across Amazonia: increasing
(79.1£19.6 Pg C (85% of the original reported value in Malhi mortality rates (Phillips et al., 2004), and decreasing biomass
et al. (2006) to account only for coarse wood), but much(Baker et al., 2004; Malhi et al., 2006) and average wood
higher than a remote-sensing-based result (68.8PgC, density (Baker et al., 2004). This study reveals an additional
Saatchi et al., 2007, adjusted by the 85% coarse wood facgradient: that necromass decreases from east to west. Across
tor). This may be partially explained by different methods terra firma forests in Amazonia, necromass stocks are re-
for calculating forest cover. Moreover, the definition of for- lated to both forest structural parameter (biomass), and forest
est types varied between studies: Saatchi et al. (2007) clagtynamic parameters (the mortality mass input and decom-
sified forests intderra firma, floodplain, and other vegeta- position surrogate (living wood density) of the same plot),
tion types, whereas Malhi et al. (2006) and our study bothpartially supporting the predictions of our study. Moreover,
used a broader definition of “tropical rainforest” defined by necromass is better explained by forest dynamics than forest
FAO (2000). Based on data from Table 2, the ratio of necro-biomass. Coarse woody debris is a more significant com-
mass to coarse biomass is different among forest types, suggonent, relative to aboveground biomass, than most studies
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Appendix A

Estimated necromass of other RAINFOR plots

Regioﬁ Plot Census  Lati- Longi- Necro- AGBuss Irecent PBA j*

name date tude tude méss :
Edited by: J. Lloyd
NW SUM-01 200250 -1.8 —77.6 1431 205.33 4.79 0.516
NW TIP-02 2002.09 —-0.6 —76.2 14.17 181.06 3.77 0.574

sw ALM-01 200450 —11.8 —71.5 19.92 252.48 6.00  0.544
sw MNU-03 200170 —11.9 —-71.4 16.06 18451 561 0505 f
sw MNU-04 2001.62 —11.9 —71.4 14.08 224.34 418 0548 References

CHO-01 2001.45 —-14.4 —-61.1 20.47 124.10 4.20 0.631

CRP-01 200145 ~145 -61.5 19.17 23946 302 0680 Baker, T. R., Phillips, O. L., Malhi, Y., Almeida, S., Arroyo, L., Di
CRP-02 200145 —145 —61.5 1446 20916 376 0580

S

S

S . . .

s HCC-21 200142 —146 -60.7 28.80 21582 6.99  0.596 Fiore, A., Erwin, T., Killeen, T. J., Laurance, S. G., Laurance, W.
S HCC-22 2001.42 —-14.6 —-60.7 14.41 239.06 3.33 0.606 F.. Lewis. S. L |_|Oyd J Monteagudo A. Neill. D. A Frml,

S LFB-01 2001.40 —14.6 —60.9 6.93  212.45 171 0592 R P L L) e

E BDF-03 200371 —2.4 599 2527 308.33 407 0676 S., Pitman, N. C. A,, Silva, J. N. M., and@$quez Maihez, R.:

E ggi'g‘s‘ gggg% *gj *ggg ggi ;gggg g?é g;fl’g Variation in wood density determines spatial patterns in Amazo-
E BDE-06 200371 —2.4 —59.9 4021 262.98 5314 0.707 nian forest biomass, Global Change Biol., 10, 545-562, 2004.

E SBE'SQ 3883'2;‘, *g-i *233 gggg ggggg ggg gggg Baker, T. R., Honorio Coronado, E. N., Phillips, O. L., Martin, J.,
E BDF-09 200250 —24 -59.9 3191 34846 349 0734 van der Heijden, G. M. F., Garcia, M., and Silva Espejo, J.: Low
E BDF-10 5885-54 —5-4 —53-3 31-26 gggg; 4-;2 8-703 stocks of coarse woody debris in a southwest Amazonian forest,
E BDF-11 54 -2.4 —59. 15.24 . 1. 71 .

E BDF-12  2002.54 —2.4 —59.9 5400 327.21 7.75  0.695 Oecologia, 152: 49_5—5041 2007. _

E BDF-13 200329 -24 -59.9 39.19 314.42 454 0.726 Brown, I. F., Martinelli, L. A., Thomas, W. W., Moreira, M. Z., Fer-

E BDF-14  2003.13 -24 -59.9 20.70 350.78 2.42 0.725 . . . . .

£ CAX.01 200459 —17 _515 2321 33891 273 0724 reira, C. A. C., and Victoria, R. A.: Uncertainty in the biomass
E CAX-02 200320 —-17 -515 36.28 323.57 479  0.708 of Amazonian forests: an example from Rénéh, Brazil, For.

E JAC-01 200250 —2.6 —60.2 28.10 275.75 4.09 0.693

E JAC-02 200250 —2.6 —60.2 27.43 26875  3.88  0.697 Ecol. Manag., 75, 175-189, 1995.

Carey, E. V., Brown, S., Gillespie, A. J. R., and Lugo, A. E.: Tree

T NE: north-eastern Amazonia (Venezuela, Guyana, Suriname, and French Guiana); mortality in mature lowland tropical mO_ISt an_d tropical lower
NW: north-western Amazonia (Columbia, Ecuador, and northern Peru); SW: south- montane moist forests of Venezuela, Biotropica, 26, 255-265,
western Amazonia (Acre state of Brazil and southern Peru); S: southern Amazonia 1994

(Bolivia); E: eastern Amazonia (Brazil, excluding Acre). * See Eq. (12), where Necro- ) . . . .

mass is estimated necromass (Mg kB Irecentis recent mortality mass input (Mg Chambers, J. Q., Higuchi, N, Schimel, J. P,, Fe_rrelra, L. V., and
ha~! year), andpp, ; is the average living wood density of pigt weighted by Melack, J. M.: Decomposition and carbon cycling of dead trees

basal areall coarse aboveground biomass (Mgha which is calculated by multiply- in tropical forests of the central Amazon, Oecologia, 122, 380—
ing aboveground biomass (AGB, kg) with a correction factor (0.85) to account forthe 388 2000.

proportion of biomass in branchesl0 cm diameter only (Higuchi, unpublished data, L . . i
cited in Chambers et al., 2000). AGB is calculated by the equation in Chambers eChambers, J. Q., dos Santos, J., Ribeiro, R. J., and Higuchi, N.: Tree

al. (2001) and adjusted by species wood density (Baker et al., 2004). damage, allometric relationships, and above-ground net primary
production in central Amazon forest, For. Ecol. Manag., 152, 73—
84, 2001.
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