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Abstract. Windthrows change forest structure and species

composition in central Amazon forests. However, the effects

of widespread tree mortality associated with wind distur-

bances on soil properties have not yet been described in this

vast region. We investigated short-term effects (7 years af-

ter disturbance) of widespread tree mortality caused by a

squall line event from mid-January of 2005 on soil carbon

stocks and concentrations in a central Amazon terra firme

forest. The soil carbon stock (averaged over a 0–30 cm depth

profile) in disturbed plots (61.4± 8.2 Mg ha−1, mean ±95 %

confidence interval) was marginally higher (p = 0.09)

than that from undisturbed plots (47.7± 13.6 Mg ha−1).

The soil organic carbon concentration in disturbed plots

(2.0± 0.17 %) was significantly higher (p < 0.001) than that

from undisturbed plots (1.36± 0.24 %). Moreover, soil car-

bon stocks were positively correlated with soil clay content

(r2
= 0.332, r = 0.575 and p = 0.019) and with tree mortal-

ity intensity (r2
= 0.257, r = 0.506 and p = 0.045). Our re-

sults indicate that large inputs of plant litter associated with

large windthrow events cause a short-term increase in soil

carbon content, and the degree of increase is related to soil

clay content and tree mortality intensity. The higher carbon

content and potentially higher nutrient availability in soils

from areas recovering from windthrows may favor forest re-

growth and increase vegetation resilience.

1 Introduction

Tropical forests contain about 44 % (383 Pg C) of the approx-

imately 860 PgC stored in forests worldwide, with soils ac-

counting for 32 % of the total carbon stocks (Queré et al.,

2009; Lal, 2004). Global emissions due to changes in land

use and soil cultivation are estimated to be 136 PgC since the

industrial revolution (Lal, 2004; Houghton, 1999). However,

there are few estimates of emissions by the decomposition

and mineralization of organic carbon in soils following natu-

ral disturbances (Lal, 2004), presumably because we assume

there is a balance between rapid losses that follow distur-

bance and recovery between disturbances at the larger spatial

scales.

The effects of large-scale natural disturbances (i.e., wind

disturbances) on carbon stocks and cycling due to the in-

crease of litter inputs promoted by widespread tree mortality,

the fraction of this carbon that persists in soil organic mat-

ter, and how long it is stabilized are poorly known in both

in tropical and temperate forests (Foster et al., 1998; Turner

et al., 1998). In temperate forests, newly exposed soil due to

wind disturbance can cover from ca. 10 % (Peterson et al.,

1990) up to 60 % of the surface (Beatty, 1980; Putz, 1983).

In a three-species temperate forest in Slovakia, no organic

carbon was lost at two windthrow sites within 3.5 years af-

ter disturbance, but shifts occurred within organic layers and

mineral soil toward decomposed organic matter (Don et al.,

2012). In Amazonian forests, where windthrows are a ma-
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Figure 1. Study area (white inset) on the left side of the Rio Cuieiras, Amazonas, Brazil (a). Sampled transects (white inlet) set along wind-

disturbed terra firme forest at the Estação Experimental de Silvicultura Tropical (EEST/INPA) and a contiguous forest (SUFRAMA; b). The

reddish color in (b) indicates the high middle-infrared reflectance (dead wood and litter) of wind-disturbed areas. Image: RGB composition

(bands 3, 4, and 5) from Landsat 5 TM (p231, r062, from 29 July 2005). Image source: http://earthexplorer.usgs.gov/.

jor natural disturbance (Nelson et al., 1994; Chambers et al.,

2013), such effects have not yet been investigated.

Wind disturbances are frequent in the western and cen-

tral Amazon, (Nelson et al., 1994; Espírito Santo et al.,

2010; Negrón-Juárez et al., 2010). In this large region,

windthrows are associated with torrential rains and very

strong winds (16 m s−1) known as downbursts (Nelson et

al., 1994; Garstang et al., 1998). The widespread tree mor-

tality creates canopy gaps with a wide range of sizes (from

few square meters up to thousands of hectares; Nelson et al.,

1994; Negrón-Juárez et al., 2010, 2011) and affects forests

at the landscape level (Marra et al., 2014). It has been re-

ported that these large gaps have a potential effect on carbon

cycling (Chambers et al., 2013) and can promote tree species

diversity by allowing a diverse cohort of species with a broad

range of life history strategies (Chambers et al., 2009; Marra

et al., 2014) and allometry (Ribeiro et al., 2014).

In the tropics, winds break and uproot trees causing strong

soil disturbances (e.g., increasing leaves and wood debris and

changing morphology and nutrient availability; Schaetzl et

al., 1989; Lugo, 2008). Treefall gaps can also change micro-

climate conditions such as light intensity and create a vari-

ety of microsites, which can be separated into canopy, trunk,

and root/uprooted sites (Putz, 1983). These microsites have

important features that drive soil and vegetation recovery af-

ter disturbance (Putz, 1983; Schaetzl et al., 1989; Vitousek

and Denslow, 1986). They can differ in microbial activity

(Batjes, 1996) and enhance the colonization of fast-growing

species that help in the assimilation of nutrients and soil car-

bon, which in turn can contribute to quickly restore the forest

canopy through succession (Putz, 1983). This rapid recycling

of nutrients potentially enhances the resilience of tropical

forests to natural disturbances (Schaetzl et al., 1989; Ostertag

et al., 2003; Lugo, 2008). However, how complex and hy-

perdiverse tropical forests such as the Amazon will respond

in a scenario of higher frequency of extreme weather events

(Coumou and Rahmstorf, 2012; Cai et al., 2014) is still not

clear.

We assessed the effects of wind disturbances on soils of a

large terra firme forest in central Amazon. We hypothesized

that windthrows forming large canopy gaps (≥ 2000 m2) af-

fect the soil carbon content via litter and wood debris depo-

sition and decomposition, and that the soil carbon content is

controlled by the interaction of tree mortality intensity, clay

content, and depth. To test our hypothesis we addressed the

following questions:

1. Are there differences in soil carbon stocks between dis-

turbed and undisturbed areas, and how do possible vari-

ations compare to other tropical and temperate forests

worldwide?

2. What is the importance of soil texture (clay content) on

soil organic carbon content in wind disturbed areas?

3. Does tree mortality intensity influence soil carbon

stocks?

2 Methods

2.1 Study site

This study was conducted in a large terra firme forest, ca.

100 km from Manaus, Amazonas, Brazil (Fig. 1). We sam-

pled soils from the Estação Experimental de Silvicultura

Tropical (EEST) of the Instituto Nacional de Pesquisas da

Amazônia (INPA) and from a contiguous forest, adjacent to
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Table 1. Average concentrations of soil organic carbon content (SOC), soil carbon stocks (SCSs), bulk density (BD), and clay, silt, and sand

average concentrations in transect 1 (E1), transect 2 (E2), and transect 3 (E3). Values in brackets represent the standard error of the mean.

Disturbed forest Undisturbed forest Soil texture

Transect Depth profile SOC SCS SOC SCS BD Clay Silt Sand

(cm) (%) (Mg ha−1) (%) (Mg ha−1) (g cm−3) (%) (%) (%)

E1 0–10 3.72 (0.28) 31.00 (5.07) 2.48 (0.24) 20.18 (0.75) 0.74 69.42 21.97 8.56

10–20 2.31 (0.13) 22.82 (1.97) 2.05 (0.22) 19.24 (0.74) 0.97 69.04 22.42 8.54

20–30 1.79 (0.13) 16.61 (1.76) 1.71 (0.17) 13.06 (0.44) 0.98 68.69 22.78 8.53

E2 0–10 3.27 (0.19) 25.50 (1.42) – – 0.89 57.41 19.31 22.25

10–20 1.79 (0.09) 19.87 (0.84) – – 1.15 67.59 22.42 8.54

20–30 1.36 (0.07) 15.11 (1.59) – – 1.31 60.23 19.41 19.34

E3 0–10 2.11 (0.14) 21.52 (1.80) 1.17 (0.14) 11.36 (3.44) 1.24 22.63 10.33 67.04

10–20 1.31 (0.08) 17.48 (3.08) 0.82 (0.09) 10.69 (2.63) 1.36 57.8 19.1 23.1

20–30 1.13 (0.10) 16.50 (2.90) 0.75 (0.07) 10.14 (2.63) 1.41 24.78 10.94 63.93

Average 0–10 2.89 (0.13) 25.90 (2.06) 1.58 (0.19) 14.90 (3.18) 0.95 50.55 17.30 32.15

10–20 1.71 (0.07) 20.05 (1.34) 1.13 (0.13) 14.11 (2.76) 1.16 50.45 17.90 31.65

20–30 1.37 (0.06) 16.01 (1.27) 0.98 (0.10) 11.31 (1.91) 1.19 51.95 17.51 30.54

the Ramal-ZF2 road. The forest adjacent to the Ramal-ZF2

road is owned and administered by the Superintendência da

Zona Franca de Manaus (SUFRAMA). Mean annual temper-

ature in this region was 26.7 ◦C (1910–1983; Chambers et al.,

2004), and rainfall ca. 50 km east of our study site averaged

to 2610 mm yr−1 (1980–2000; Silva et al., 2003). From July

to September there is a distinct dry season with usually less

than 100 mm of rain per month. The forest at the studied re-

gion has a closed canopy, high tree species diversity, and a

dense understory (Braga, 1979).

The soils of the Amazon region are old and complex, with

type and texture influenced by local topographical variations.

At the studied region, the relief is undulating with altitude

ranging from 40 to 180 m a.s.l. Soils on upland plateaus and

the upper portions of slopes have high clay content (Oxisols),

while soils on slope bottoms and valleys have high sand con-

tent (Spodosols; Telles et al., 2003) and are subject to spo-

radic inundations (Junk et al., 2011). The yellow Oxisols are

found primarily on plateaus and slopes. In general, the soils

are well drained and have low fertility, low pH, low cation ex-

change capacity, high aluminum concentration, and low or-

ganic carbon (Ferraz et al., 1998; Telles et al., 2003).

2.2 Tree mortality estimates

In January of 2005, a single squall line event propagating

across the Amazon caused widespread tree mortality over

large areas (Negrón-Juárez et al., 2010), including ca. 250 ha

of terra firme forest in the study area (Fig. 1). Tree mor-

tality directly caused by this event was quantified at land-

scape level through the correlation of plot-based measure-

ments and changes on the fractions of green vegetation (GV)

and non-photosynthetic vegetation (NPV) calculated from

Landsat images – see Negrón-Juárez et al. (2010) for a de-

tailed method description. This metric, validated by Negrón-

Juárez et al. (2011), allowed us to sample soils across an ex-

tent tree mortality gradient 0–70 %, including from small- to

large-sized gaps and patches of old-growth forest not affected

by the 2005 windthrows (Marra et al., 2014).

2.3 Soil sampling

We sampled soils during the dry season (July–September)

of 2012 (7 years after disturbance) according to the de-

gree of disturbance intensity measured as tree mortality (%).

In total, 16 plots with dimensions of 25 m× 10 m were se-

lected along three pairs of transects, with 200 (E1), 600 (E2),

and 1000 m (E3) length (Fig. 1). The transects cross several

toposequences and include local variations of soils and forest

structure among plateaus, slopes, and valleys. In this study,

we only considered plots established on plateaus, which were

more severely affected by the 2005 windthrows (Marra et al.,

2014). Although our samples covered soils types from Ox-

isols to Spodosols, we reduced strong soil attribute variations

related to topography by excluding slope and valley areas.

In each of our 16 selected plots, we sampled six soil pro-

files 5 m from each other. We took samples from three depths

(0–10, 10–20, and 20–30 cm) using an auger. For soil bulk

density, samples were also collected in the three depths in

one or two profiles per plot using 5 cm tall cylinders with a

volume of 98 cm3. Altogether we collected 288 soil samples

for carbon analysis (16 plots× 6 depth profiles× 3 depths)

and 63 samples for density (21 depth profiles× 3 depths;

Fig. 1).

2.4 Soil analysis

Before performing soil analyses, we removed leaves, twigs,

and roots from our samples. Samples were then sieved, dried,

and homogenized by grinding (< 2 mm). The soil carbon con-
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Figure 2. Comparison of the entire 0–30 cm depth profile for (a) soil carbon stock (SCS) and (b) soil organic carbon (SOC) between the

disturbed and the undisturbed forest (mean± 95 % confidence interval) at 0–30 cm depth profile.
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Figure 3. Soil carbon stock (SCS) as a linear function of (a) clay

content (b) and tree mortality intensity (%) at 0–30 cm depth profile.

tent was determined in a combustion analyzer at the Centro

de Energia Nuclear na Agricultura (CENA-USP), Piracicaba,

Brazil. Bulk density samples were dried at 105 ◦C to constant

weight. The soil carbon stock (SCS; Mg ha−1) for each depth

was calculated by the formula:

SCS= (SOC × BD × D)/10, (1)

where SOC is the soil organic carbon content (g kg−1), BD is

bulk density (g cm−3), andD is soil depth (cm). The soil clay

content was determined by texture analysis using the pipet-

ting method, with data from two profiles sampled in each

plot.

2.5 Statistical analysis

Before performing statistical tests, we tested our data set for

normality and homoscedasticity. To address our first question

we use factorial ANOVA and compared undisturbed/low-

disturbance plots (tree mortality < 5 %, hereafter referred as

undisturbed forest) with those that experienced higher distur-

bance intensities (tree mortality ≥ 5 %, hereafter referred as

disturbed forest). In total we sampled 5 plots in undisturbed

forest and 11 plots in disturbed forest. In the disturbed for-

est plots were set in disturbed patches varying from 900 m2

(Landsat pixel size (30× 30 m) (Negrón-Juárez et al., 2011)

to ca. 17 ha in area (Marra et al., 2014). To address our sec-

ond question, we compared the SCS values from our study

with those from different tropical and temperate forests. We

addressed our third question using linear regression to corre-

late SCS to soil clay content and tree mortality intensity. We

performed all analysis in R 3.0.1 platform (R Core Team,

2014) and produced Figs. 2–5 using the ggplot2 package

(Wickham, 2009). We produced the Fig. 1 using the ArcMap

GIS extension of the ArcGIS 10 software (ESRI, 2011).

3 Results

Soils from the disturbed forest had higher mean val-

ues of SCS and SOC than those from the undisturbed

forest. This was true for all three depths we sam-

pled (Table 1). SCS values averaged over 0–30 cm were

61.4± 8.2 Mg ha−1 (mean± 95 % confidence interval) for

disturbed and 47.7± 13.6 Mg ha−1 for undisturbed forest

(p = 0.09 and F = 3.191; Fig. 2a). For the same depth pro-

file, SOC values were 2.0± 0.17 % for the disturbed and

1.36± 0.24 % for the undisturbed forest (F = 16.74 and

p < 0.001; Fig. 2b).

The soil clay content in the entire study area ranged from

2.0 to 71.5 % averaged over 0–30 cm depth. This large vari-

ation in soil texture led to a large variation in the concen-

tration of soil organic carbon (SOC) and soil carbon stocks

(SCSs). The SOC in the upper samples (0–10 cm) had values

ranging from 0.29 to 6.62 % and mean of 2.57± 0.13 %. For

the same depth interval, values of SCS ranged from 3.79 to

48.53 Mg ha−1 with a mean value of 23.34± 2.01 Mg ha−1.

Overall, bulk density increased with depth, while SOC and

SCS decreased (Table 1). We found no difference compar-

ing soil clay content between the disturbed and the undis-

turbed forest (F = 2.648 and p = 0.108). The fact that there

was no difference between the two types of forest confirms

Biogeosciences, 13, 1299–1308, 2016 www.biogeosciences.net/13/1299/2016/
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Table 2. Estimates of soil carbon stock (SCS) from this and other studies conducted in different tropical, subtropical, and temperate forests.

Author Region Forest type Successional stage/management SCS (Mg ha−1) Soil type/description

0–10 cm 0–30 cm

dos Santos et al. (2016) Manaus, AM, Brazil Amazon terra firme forest (closed canopy)a Undisturbed/old-growth forest 14.9 47.7 Oxisolsb/Spodosolsb

Manaus, AM, Brazil Amazon terra firme forest (closed canopy) Disturbed (windthrow) forest 25.9 61.4 Oxisols/Spodosols

Telles et al. (2003) Manaus, AM, Brazil Amazon terra firme forest (closed canopy) Old-growth forest 19.2 Oxisols

Manaus, AM, Brazil Amazon terra firme forest (closed canopy) Old-growth forest 12.5 Spodosols

Floresta Nacional do Tapajós, PA, Brazil Amazon terra firme forest (closed canopy) Old-growth forest 24.6 Oxisols

Floresta Nacional do Tapajós, PA, Brazil Amazon terra firme forest (closed canopy) Old-growth forest 8.7 Ultisolsb

Trumbore et al. (1995) Paragominas, PA, Brazil Amazon terra firme forest (closed canopy) Old-growth forest 26 Oxisols

Camargo et al. (1999) Paragominas, PA, Brazil Amazon terra firme forest (closed canopy) Old-growth forest 26 Oxisols

Amazon terra firme forest (closed canopy) Secondary forest 25 Oxisols

Neil et al. (1996) Ariquemes, RO, Brazil Amazon terra firme forest (open canopy)a Old-growth forest 32.3 Ultisols

Neill et al. (1997) Ariquemes, RO, Brazil Amazon terra firme forest (open canopy) Old-growth forest 27.4 Ultisols

Ouro Preto do Oeste, RO, Brazil Amazon terra firme forest (open canopy) Old-growth forest 29.7 Ultisols

Old-growth forest 48.1 Ultisols

Porto Velho, RO, Brazil Amazon terra firme forest (open canopy) Old-growth forest 62 Ultisols

Cacaulândia, RO, Brazil Amazon terra firme forest (open canopy) Old-growth forest 39.3 Ultisols

Vilhena, RO, Brazil Amazon terra firme forest (open canopy) Old-growth forest 50.4 Ultisols

Feigl et al. (1995) Ariquemes, RO, Brazil Amazon terra firme forest (open canopy) Old-growth forest 15.9 Ultisols

Maia et al. (2009) Conquista D’Oeste, MT, Brazil Amazon terra firme forest (open canopy) Old-growth forest 65.3 Oxisols

to seasonal semi-deciduous forest

Guarantã do Norte, MT, Brazil Amazon terra firme forest (open canopy) Old-growth forest 39.3 Ultisols

to seasonal semi-deciduous forest

Nova Monte Verde, MT, Brazil Amazon terra firme forest (open canopy) Old-growth forest 35.4 Oxisols

to seasonal semi-deciduous forest

Pimenteiras do Oeste, RO, Brazil Amazon terra firme forest (open canopy) Old-growth forest 46.5 Oxisols

Old-growth forest 33.4 Oxisols

São José do Xingu, MT, Brazil Seasonal semi-deciduous forest to Old-growth forest 36.1 Oxisols

Amazon terra firme forest (open canopy)

Santa Luzia D’Oeste, RO, Brazil Amazon terra firme forest (open canopy) Old-growth forest 55.7 Oxisols

Theobroma, RO, Brazil Amazon terra firme forest (open canopy) Old-growth forest 46.8 Oxisols

Maia et al. (2010) Pontes e Lacerda, MT, Brazil Amazon terra firme forest (closed canopy) Old-growth forest 47.6 Oxisols

Rhoades et al. (2000) Ecuador Lower montane forest Old-growth forest 95.6 Andic Humitropepts

Batjes (2001) Senegal Equatorial forest Old-growth forest 23 Orthic Ferralsolc

Old-growth forest 35 Plinthic Ferralsolc

Old-growth forest 30 Eutric Regosolc

Powers and Schlesinger (2002) Costa Rica Tropical wet forest Old-growth forest 34.1 82.2 Tropohumultb, Dystropeptb

and Dystrandeptb

Veldkamp et al. (2003) Costa Rica Tropical moist forest Old-growth forest 64 Oxisols

Old-growth forest 96 Oxisols

Marin-Spiotta et al. (2009) Puerto Rico Subtropical wet forest life zone Old-growth forest 31 Oxisols

Grimm et al. (2008) Barro Colorado Island Semi-deciduous moist tropical forest Old-growth forest 38.1 69.4 Oxisols, Cambisols

Neumann-cosel et al. (2011) Panama Tropical moist forest Old-growth forest (100-year-old) 34 Homogenous, silty clay and clay,

pH values from 4.4 to 5.8

Ngo et al. (2013) Singapore Coastal hill dipterocarp forest Old-growth forest 22.1 Very acidic and infertile

Don et al. (2012) Slovakia Mixed temperate forest Old-growth forest ca. 47 Dystric Cambisols

Non-harvested windthrow (3.5-year-old) ca. 51

Harvested windthrow (3.5-year-old) ca. 43

Kramer et al. (2004) Tongass National Forest, Alaska, USA Coastal temperate rain forest Secondary forest (68-year-old) 17d Heterogeneous (Spodosols,

Histosols and Inceptisols)

Secondary forest (128-year-old) 46d

Secondary forest (218-year-old) 58d

Huntington and Ryan (1990) Hubbard Brook Experimental Northern hardwood forest Secondary forest (65-year-old) 32 Acidic Typic, Lithic

Forest, New Hampshire, USA and Aquic Haplorthods

Secondary harvested forest (65-year-old) 34

a IBGE, 2004; b USA Soil Taxonomy; c FAO, 1998; World Reference Base for Soil Resources (WRB); d Oa horizon.

our hypothesis that the tree mortality is the major vector of

the changes we observed.

Along the entire sampled area (disturbed and undis-

turbed forest), the SCS was positively correlated with soil

clay content (Fig. 3a) and with tree mortality intensity

(Fig. 3b). When constraining the tree mortality gradient into

three disturbance categories defined as tree mortality inten-

sity (%), we found no differences in SCS (F = 1.67 and

p = 0.226; Fig. 4a). However, SCS was 61.1± 12 Mg ha−1

in the disturbance category 3 (tree mortality ≥ 50 %) vs.

43.1± 17.2 Mg ha−1 in disturbance category 1 (tree mortal-

ity < 5 %). The SOC in the disturbance category 2 (5 %≤ tree

mortality <50 %) was marginally higher than that from cate-

gory 1 (Tukey HSD, p = 0.066; Fig. 4b).

4 Discussion

4.1 Estimates of soil carbon stocks

As expected, our results were between those values found

in the two soils types (Oxisols and Spodosols) evaluated in

a previous study also conducted at the EEST (Telles et al.,

2003), in which SCS values for 0–10 cm were reported as

14.9± 3.18 Mg ha−1 (Table 2). However, the overall SCS

value (23.3± 2.01 Mg ha−1) and that from our disturbed for-

est (25.9± 2.06 Mg ha−1) were greater than those reported

by Telles et al. (2003). Such differences indicate an increas-

ing in SOC and SCS 7 years following disturbance.

The soils from our study area also had different SCS val-

ues from those reported for other regions of the Brazilian

Amazon (i.e., same/similar soil types; Table 2). For the 0–

10 cm profile, when comparing to old-growth forests in the

Pará state, the mean SCSs of our undisturbed and disturbed

forests were lower and similar, respectively (Trumbore et al.,

www.biogeosciences.net/13/1299/2016/ Biogeosciences, 13, 1299–1308, 2016
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Figure 4. (a) Soil carbon stock (SCS) and (b) soil organic carbon (SOC) (mean ±95 % confidence interval) at 0–30 cm depth profile over

disturbance intensity classes defined as tree mortality intensity (%).

Figure 5. Soil carbon stock (SCS) at sites with different soil clay

content and tree mortality intensity.

1995; Camargo et al., 1999). In the 0–30 cm depth profile,

our undisturbed forest had similar SCS to that reported for

other regions. When including other soil types, our disturbed

forest had SCS values (61.4 Mg ha−1) higher than most re-

ported SCS values, with the exception of SCS values re-

ported for a region in Mato Grosso (65.3 Mg ha−1) and an-

other in Rondônia (62 Mg ha−1; Maia et al., 2009). The SCS

can be influenced by soil type, texture, and mineral composi-

tion (Powers and Veldkamp, 2005; López-Ulloa et al., 2005;

Neumann-Cosel et al., 2011). Indeed, the different SCS rates

from different soil types are related to important factors such

as geology, climate, and soil formation (Adams et al., 1990;

Batjes, 1996). The differences in SCS values among our

undisturbed forest and other regions in the Brazilian Ama-

zon (as shown in Table 2) might reflect a particular geology

and/or landscape variations of soil type (Quesada et al., 2010,

2011).

When comparing to forests worldwide (i.e., different soil

types), both our undisturbed and disturbed forest had lower

SCS values (Table 2). We only found higher SCS values than

that reported for the 0–30 cm depth profile from an equato-

rial forest in Senegal, Africa (Batjes, 2001). For the 0–10 cm

depth profile, our disturbed forest had SCS higher than that

reported for an old-growth coastal hill dipterocarp forest in

Singapore (Ngo et al., 2013) and a 68-year-old secondary

coastal temperate rain forest in southeast Alaska (Kramer et

al., 2004), both in different soil types. In contrast, our dis-

turbed forest had lower SCSs than those reported for other

temperate forests in Europe (Don et al., 2012) and North

America (Huntington and Ryan 1990; Kramer et al., 2004).

This was true for both non-harvested and harvested forests, in

which nutrient exportation via logging has an opposite effect

than that of wind disturbances (nutrient inputs).

4.2 Changes in carbon stocks and clay concentration in

the soil

Soil clay content was positively correlated with the SOC

(Pearson’s r = 0.907) at 0–30 cm depth profile and conse-

quently with SCS (Pearson’s r = 0.575). This relationship

between SOC and clay content was shown in other studies

(Powers and Schlesinger, 2002; Kahle et al., 2002). The soil

organic matter can form aggregates stabilizing the clay sur-

face and the age of the soil carbon at the same depth increases

with clay content (Telles et al., 2003). However, the clay con-

tent is not always a good predictor of SOC (Torn et al., 1997;

Powers and Schlesinger, 2002; Telles et al., 2003). Thus, the

method we applied in this study would be better applied in

studies involving the same soil type and origin. In other situa-

tions, the mineralogical composition (i.e., including the type

of clays) may be a better predictor of SOC than just the per-

centage of clay itself.

Due to the proximity of our plots, we assume climatic and

geological aspects to be constant. Thus, the importance of

soil texture on carbon stocks in our study site reflects a lo-

cal pattern. Here we focused on assessing the effects of the

existing Amazon tree mortality gradient (Espírito Santo et

al., 2010; Chambers et al., 2013) on SOC and SCS, which

is why we excluded valleys and selected plots along tran-

sects crossing forest patches with different disturbance inten-
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sity. Nonetheless, apart from indicating significant increase

of SCS due to inputs of organic matter from tree mortality,

our data show that clay-richer soils originally had higher SCS

(0–30 cm depth profile) compared to soils with lower clay

content (Fig. 5). Soils from areas where tree mortality was

<10 % and clay content≥ 50 % had SCS ca. 36 % higher than

those under the same tree mortality intensity but clay con-

tent <50 % (59.4 Mg ha−1 vs. 37.9 Mg ha−1, respectively). In

contrast, where disturbance intensity was higher (tree mortal-

ity ≥ 10 %), this difference was smaller. Soils with clay con-

tent≥ 50 % had SCS only ca. 8 % higher than those with clay

content <50 % (62 Mg ha−1 vs. 56.5 Mg ha−1, respectively).

This comparison confirms that the widespread tree mor-

tality caused by the 2005 windthrows increased the SCS in

our study area. A higher frequency and intensity of wind dis-

turbances in plateau areas also suggests that the higher SCS

in these portions of the relief, apart from those related to abi-

otic factors (e.g., soil texture, topography and erosion), might

also reflect differences of vegetation dynamics. Although the

soil clay content is an important aspect and greater inputs of

carbon can be expected in more clayey sites, significant in-

puts can also occur in more sandy sites, for instance, when

strong wind gusts reach lower parts of slopes and valleys.

4.3 Intensity of disturbance and soil carbon stocks

Although we observed an increase of SCS in areas affected

by the storm, it is notable that the fresh necromass produced

by widespread tree mortality events is not fully incorporated

into the soil. Under this assumption, the fast decomposition

of carbon stored in roots and other woody material probably

contributes most to the observed increases in SCS. Carbon

inputs from belowground material, which is already incorpo-

rated to the soil, might be specially related to the increase of

SCS in the 10–20 and 20–30 cm depth profiles.

Seven years after the windthrow event, the SCS at 30 cm

depth was approximately 13.7 Mg ha−1 greater in the dis-

turbed forest compared to the undisturbed forest. This num-

ber is equivalent to 8.3 % of the total carbon stored in the

aboveground tree biomass (ca. 164 Mg ha−1) of the studied

forest (Higuchi et al., 2004), which indicates an average rate

of soil carbon accumulation of 1.8 Mg ha−1 yr−1. Still, the

amount of SCS in our disturbed forest is probably underes-

timated due to the large amount of carbon stored in below-

ground (roots) from coarse wood > 2 mm, not included in our

samples. Part of this coarse material is not incorporated into

the soil. Instead, it is decomposed at the surface (Chambers

et al., 2000, 2004), though some is leached into the soil or

carried out by detritivores.

Amazon soils typically have a great variation in texture

and nutrient availability related to physical and chemical

properties (Quesada et al., 2010, 2011), which can influence

basin-wide variations in forest structure and function (Que-

sada et al., 2012). Our results indicate that in central Amazon

terra firme forests, vegetation dynamics can also influence

soil attributes at the landscape level. In this region, the ob-

served organic carbon enrichment derived from widespread

tree mortality might also be related to the fast establish-

ment and growth of pioneer species in heavily disturbed areas

(Chambers et al., 2009; Marra et al., 2014).

In contrast, according to Lin et al. (2003), the Fushan

Experimental Forest, which has experienced frequent wind-

storms, did not regain any nutrients following disturbance.

This, in turn, has limited local tree growth (shown as lower

canopy height) and, consequently, decreased carbon input

into the soil. Thus, more intense mortality regime can also

be expected to change forest dynamics, and eventually de-

crease SCS and nutrient cycling. The effects might depend on

forest stature, successional stage (i.e., floristic composition

and forest structure attributes such as tree density, basal area,

and biomass), and tree mortality intensity, often controlled

by the speed and duration of wind gusts (Lugo et al., 1983;

Garstang et al., 1998). In our study area, fast vegetation re-

generation could even reduce short-term losses of carbon as-

sociated with the 2005 windthrows, which had an estimated

emission (assuming the carbon from all felled trees emitted

to the atmosphere at once) of ca. 0.076 PgC, equivalent to

50 % of the deforestation during that same year (Higuchi et

al., 2011; Negrón-Juárez et al., 2010).

The size of gaps in which we observed significant increase

on soil carbon content (gaps from 0.1 up to 17 ha) indicates

that windthrows – apart from influencing tree species com-

position, forest structure, and forest dynamics (Chambers et

al., 2013; Marra et al., 2014) – also change soil attributes.

The nutrients released in this process might have an impor-

tant feedback on vegetation resilience and recovery following

disturbance. To determine how much of the added soil car-

bon is stabilized in a long term, future studies should assess

soil carbon stocks and soil organic carbon along a chronose-

quence including wind-disturbed terra firme forests with dif-

ferent time since disturbance. Since wind is a major distur-

bance agent in western and central Amazon, more precise

estimates of soil carbon stocks need to consider and reflect

differences in tree mortality regimes at the landscape level.
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