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Abstract

Amazon forests account for ~25% of global land biomass and tropical tree species.

In these forests, windthrows (i.e., snapped and uprooted trees) are a major natural

disturbance, but the rates and mechanisms of recovery are not known. To provide

a predictive framework for understanding the effects of windthrows on forest

structure and functional composition (DBH ≥10 cm), we quantified biomass recov-

ery as a function of windthrow severity (i.e., fraction of windthrow tree mortality

on Landsat pixels, ranging from 0%–70%) and time since disturbance for terra‐firme

forests in the Central Amazon. Forest monitoring allowed insights into the pro-

cesses and mechanisms driving the net biomass change (i.e., increment minus loss)

and shifts in functional composition. Windthrown areas recovering for between 4–
27 years had biomass stocks as low as 65.2–91.7 Mg/ha or 23%–38% of those in

nearby undisturbed forests (~255.6 Mg/ha, all sites). Even low windthrow severities

(4%–20% tree mortality) caused decadal changes in biomass stocks and structure.

While rates of biomass increment in recovering vegetation were nearly double

(6.3 ± 1.4 Mg ha−1 year−1) those of undisturbed forests (~3.7 Mg ha−1 year−1), bio-

mass loss due to post‐windthrow mortality was high (up to −7.5 ± 8.7 Mg ha−1

year−1, 8.5 years since disturbance) and unpredictable. Consequently, recovery to

90% of “pre‐disturbance” biomass takes up to 40 years. Resprouting trees con-

tributed little to biomass recovery. Instead, light‐demanding, low‐density genera

(e.g., Cecropia, Inga, Miconia, Pourouma, Tachigali, and Tapirira) were favored, result-

ing in substantial post‐windthrow species turnover. Shifts in functional composition

demonstrate that windthrows affect the resilience of live tree biomass by favoring

soft‐wooded species with shorter life spans that are more vulnerable to future dis-

turbances. As the time required for forests to recover biomass is likely similar to

the recurrence interval of windthrows triggering succession, windthrows have the

potential to control landscape biomass/carbon dynamics and functional composition

in Amazon forests.
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1 | INTRODUCTION

Natural disturbances such as windthrows (i.e., snapped and uprooted

trees) impact tropical forests worldwide (Burslem, Whitmore, &

Brown, 2000; Everham & Brokaw, 1996; Lugo, 2008; Mitchell, 2013;

Vandermeer, la Cerda, Boucher, Perfecto, & Ruiz, 2000). In the Cen-

tral and Western Amazon, there is growing evidence indicating that

relatively small windthrows, ranging from few toppled trees

(~400 m2) to intermediate‐sized events of several hectares, occur

frequently and are a major mechanism of mortality of adult trees

(Espírito‐Santo et al., 2010; Negrón‐Juárez et al., 2018, 2017 ; Nel-

son, Kapos, Adams, Oliveira, & Braun, 1994). They create a forest

mosaic of differently sized patches reflecting the legacy of a distur-

bance regime that may trigger succession and cause spatial variation

in forest structure and species composition (Chambers et al., 2013;

Marra et al., 2014; Rifai et al., 2016). To our knowledge, this is the

first field study investigating how windthrows have influenced sub-

sequent patterns of biomass/carbon balance and functional composi-

tion in Amazon forests.

Windthrows in the Amazon are produced by downbursts (Gar-

stang, White, Shugart, & Halverson, 1998; Nelson et al., 1994) and

tree mortality in disturbed areas can reach in excess of 90% (Marra

et al., 2014; Rifai et al., 2016). Model simulations for the Central

Amazon predict the mean and median intervals between succes-

sion‐inducing windthrows of ~400 m2 to be 74 and 51 years,

respectively (Chambers et al., 2013; Figure 4). Applying the same

return frequency, we estimate that windthrows have affected 18%

of the landscape in the last decade, and 43% in the last 50 years

(Supporting Information Figure S1a). An assessment of the wind-

throw variability over a 12‐year period (1999–2010) across the

same region indicates that larger windthrows (>5 ha in size)

affected 0.5% of the landscape (Negrón‐Juárez et al., 2017) (Sup-

porting Information Figure S1b). Both studies suggest that an

important fraction of the forest landscape is likely to carry a legacy

of wind disturbance with unknown consequences for the regional

carbon balance.

Windthrows promote selective tree‐mortality (Canham, Thomp-

son, Zimmerman, & Uriarte, 2010; Curran et al., 2008; Marra et al.,

2014; Rifai et al., 2016). The woody debris created may quickly

decompose (e.g., after 2–46 years) (Chambers, Higuchi, Schimel,

Ferreira, & Melack, 2000; Hérault et al., 2010) releasing mineralized

nutrients (Vitousek & Denslow, 1986) while adding residual organic

matter to the soil (dos Santos et al., 2016). Mortality of the pre‐dis-
turbance tree cohort often continues into the recovery phase,

when for example, isolated survivors and resprouters suffer from

mechanical and/or physiological stress induced by successive wind

disturbances or changes in environmental conditions (Everham &

Brokaw, 1996; Lugo, 2008; Putz & Brokaw, 1989; Schwartz et al.,

2017). Mortality also occurs during recovery when the new cohort

rapidly fills growing space and self‐thinning commences (Scalley,

Scatena, Lugo, Moya, & Estrada Ruiz, 2010; Vandermeer & Cerda,

2004).

Biomass recovery in windthrows can occur through multiple

mechanisms including regeneration from seeds, recruitment of

advanced regeneration, gap‐filling lateral growth of surviving trees

and resprouting from roots, stumps, and broken stems (Burslem &

Whitmore, 1999; Mascaro et al., 2005; Putz & Brokaw, 1989; Scalley

et al., 2010). Windthrows can also promote shifts in composition

through species turnover (Chambers et al., 2009; Everham & Bro-

kaw, 1996; Marra et al., 2014), often accompanied by changes in

functional traits between early successional species and those domi-

nating mature forests. Early successional species tend to be more

light demanding, lower wood density, shorter lifespan, different in

architecture, reduced mechanical stability and higher vulnerability to

new windthrows, and other climate‐induced disturbances such as

drought (Baker et al., 2004; Canham et al., 2010; Laurance & Curran,

2008; Magnabosco Marra et al., 2016; Rüger et al., 2018; Swaine &

Whitmore, 1988). These traits reduce the potential of forests domi-

nated by early successional species to reach the high carbon densi-

ties (Chambers et al., 2013) and long carbon residence times of old‐
growth forests (Galbraith et al., 2013).

The rates of biomass recovery (i.e., the sum of processes includ-

ing regrowth, recruitment, resprouting, post‐windthrow mortality,

and species turnover) may differ with windthrow severity, that is,

with the overall tree mortality and size of gaps formed. Of special

interest is how the rates of biomass recovery and species turnover

compare to the mean return interval of windthrow disturbance. If

these are rapid compared to the return interval, there is little net

effect of wind disturbance (Espírito‐Santo et al., 2014; Gloor et al.,

2009). Meanwhile, slower recovery rates indicate that windthrows

have the potential to create a strong legacy on biomass and func-

tional composition patterns (Chambers et al., 2013; Marra et al.,

2014; Negrón‐Juárez et al., 2018; Rifai et al., 2016).
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Here, we quantified how net biomass change (and its component

processes of biomass increment and loss) and functional composition

developed with time since disturbance as a function of windthrow

severity in Central Amazon forests located near Manaus, Brazil.

Windthrow severity was estimated as the fraction of windthrow tree

mortality derived from observed change in the fraction of non‐
photosynthetic vegetation in Landsat pixels for events occurring in

1987, 1996, and 2005. Combining repeated inventories of wind-

thrown forests, locally calibrated biomass estimation models, and

functional trait data, we empirically modeled the dynamics of bio-

mass and community mean wood density to investigate how the bio-

mass trajectory of forest recovery and its components varied with

windthrow severity. We address the following questions: (a) What is

the influence of windthrow severity on the recovery of biomass

stocks? (b) Which processes (i.e., biomass increment and loss) and

associated mechanisms (i.e., tree growth, recruitment, resprouting,

and post‐windthrow mortality) determine the successional dynamics

of net biomass change? (c) What is the role of disturbance‐driven
species turnover (specifically indicated by community mean wood

density and functional composition) in net biomass change and for-

est resilience?

2 | MATERIALS AND METHODS

2.1 | Study sites and windthrow tree mortality
estimations

Study sites are located in the Central Amazon, Brazil (Figure 1a) and

are predominantly typical terra‐firme forest, the most common forest

type in the Amazon basin (Braga, 1979). In our study region, forests

have dense understory and closed canopy with high tree‐species
diversity; for example, more than 280 species are reported in a 1‐ha
plot (de Oliveira & Mori, 1999). The terrain is undulating, with eleva-

tion between 40 and 123 m (Supporting Information Table S1).

Area‐weighted mean elevation for subplots was calculated from a

digital elevation model with 30 m × 30 m spatial resolution (Shuttle

Radar Topographic Mission, SRTM).

Detailed information on sites, subplots and their selection is pro-

vided in Supporting Information Appendix S1. Briefly, we identified

windthrows occurring over a 20‐year period (1984–2005) using

Landsat 5 Thematic Mapper imagery (L5, 30 m × 30 m resolution)

(Chambers et al., 2013). Windthrows were identified by their spec-

tral characteristics and distinct shape (Araujo, Nelson, Celes, &

Chambers, 2017; Chambers et al., 2007; Nelson et al., 1994). After

excluding data with cloud cover, white‐sand and floodplain forests,

and forests close to human‐affected areas (e.g., roads and settle-

ments), we identified sites integrating large‐scale single events (i.e.,

several windthrows created at the same time). Each site was sur-

rounded by old‐growth forest and included a large gradient of wind-

throw tree mortality. Including logistical considerations such as the

distance to Manaus and accessibility, we selected three sites with

windthrows that occurred in: 2005 (Site 1, total windthrown and

sampled areas of ~250 ha and 3.6 ha, respectively), 1996 (Site 2,

~900 ha, 3 ha), and 1987 (Site 3, ~75 ha, 3 ha). We included an

additional old‐growth forest site (Site 4, sampled area of 10 ha) as a

large‐area control contiguous to Site 1. Site 4 is a well‐studied forest

(da Silva et al., 2002; Marra et al., 2014) known to have experienced

no major natural or human disturbance in the last ~55 years.

F IGURE 1 Study region: (a) sites comprising chronosequences of Central Amazon forests spanning 4–27 years of recovery from
windthrows (Sites 1–3) and an old‐growth forest (Site 4), and (b) transects used to sample the vegetation across the existing tree‐mortality
gradient (0%–70%). Patches exhibiting high short‐wave infrared reflectance (red channel) indicate increases in non‐photosynthetic vegetation
(NPV) (green channel, near infrared) as a result of the windthrow tree mortality [Colour figure can be viewed at wileyonlinelibrary.com]
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We applied spectral mixture analysis (SMA) (Adams & Gillespie,

2006) on selected L5 scenes using methodology applied in previous

studies (Chambers et al., 2013; Negrón‐Juárez et al., 2010, 2011).

SMA allows for the quantification of the per‐pixel fraction of the fol-

lowing selected endmembers: green vegetation (GV, i.e., photosyn-

thetic active), dead plant material (NPV, i.e., non‐photosynthetic),
and shade. The GV and NPV fractions before and after the wind-

throws were normalized without shade. We used normalized ΔNPV

images (i.e., NPV before – NPV after the windthrows) to assess

windthrow severity across the selected sites (see Supporting Infor-

mation Appendix S2 for further details).

Based on SMA and field observations, we defined the position

and orientation of transects that crossed major windthrown areas

but also included forest patches not affected by the windthrows.

Such undisturbed areas were used as references for “pre‐distur-
bance” forest conditions for our response variables. Using transects

allowed us to account for the pixel‐level variation in windthrow tree‐
mortality, size, and geometry of gaps (Araujo et al., 2017; Marra

et al., 2014; Negrón‐Juárez et al., 2011) while keeping fieldwork

logistically feasible. Hence, transects include local variation in topog-

raphy and a wide range in windthrow tree mortality, ranging from

undisturbed subplots to subplots with 70% windthrow tree mortality

(Magnabosco Marra, 2016; Marra et al., 2014; Negrón‐Juárez et al.,

2018).

Overall, we monitored forest biomass change and species turn-

over in 594 subplots nested in transects (also for the old‐growth for-

est in Site 4, Supporting Information Appendix S1), with subplots in

a given site ranging in size from 250–400 m2. As in previous studies

(dos Santos et al., 2016; Marra et al., 2014), we estimated wind-

throw severity as the percentage of tree mortality (i.e., trees ≥10 cm

diameter at breast height, DBH) at the subplot level by employing a

locally parameterized model that has ΔNPV alone as predictor

(Negrón‐Juárez et al., 2010). We calculated subplot ΔNPV as the

area‐weighted mean of adjacent pixels. Estimated windthrow tree‐
mortality ranged from 0%–70%, 0%–57%, and 0%–56% in Site 1, Site

2, and Site 3, respectively (see Supporting Information Table S1 for

site‐specific details). Site 4 experienced background tree mortality

typical for old‐growth forests in the region, that is, ~2% per year (da

Silva et al., 2002; Toledo, Magnusson, Castilho, & Nascimento,

2011).

2.2 | Forest monitoring and biomass estimation

In each subplot, we tagged and measured the DBH of all trees

≥10 cm DBH. We inventoried each site at least twice between

2002 and 2016 (always in the dry season), which in total amounted

to more than 13,000 trees being monitored. Repeated inventories of

the sites in our chronosequence allowed us to test patterns of bio-

mass recovery and dynamics with and without the need to substi-

tute space for time. Site 4 has been monitored since 1996, with

consecutive inventories every two to three years. For this site, we

used data from the years 2002 and 2004, for which we had species

identification at high resolution and imagery data confirming that

within this time period this forest experienced no detectable wind-

throws. Within each study site, we collected botanical samples from

at least one individual of all recorded species (Supporting Informa-

tion Appendix S3). When possible, identification was carried out to

the species level.

We assessed dry aboveground biomass in our chronosequences

using a biomass estimation model calibrated with 727 locally har-

vested trees that have DBH and species’ functional group as predic-

tors (Magnabosco Marra et al., 2016). To check for the consistency

of our results, we estimated biomass using two other models using

either DBH and wood density or DBH alone as predictors. We cal-

culated dry aboveground biomass stocks for subplots by summing up

the biomass of individual trees. Wood density data were compiled

from studies carried in the Amazon (Chave et al., 2009; Fearnside,

1997; Laurance et al., 2006; Magnabosco Marra et al., 2016;

Nogueira, Fearnside, Nelson, & França, 2007; Nogueira, Nelson, &

Fearnside, 2005). Trees were assigned to one of three functional

groups (pioneer, mid‐ and late‐successional) describing the main dif-

ferences in each species’ life history, architecture, and traits (Sup-

porting Information Appendix S3) (Magnabosco Marra et al., 2016).

2.3 | Data analysis

It was necessary to use small subplots for their size to be approxi-

mately the same as the smallest size class of windthrows in our

study. On the other hand, these subplots are too small to average

out background spatial heterogeneity in forest structure and floristic

composition. For example, the chance inclusion of a single large

dense‐wooded tree in a small plot creates an unrealistically high

stand‐level biomass estimate (Clark & Clark, 2000; de Oliveira, Higu-

chi, Celes, & Higuchi, 2014; Magnabosco Marra et al., 2016). To

yield representative and stable estimates of biomass while still allow-

ing for sufficient granularity in a detailed assessment of windthrow

tree mortality, we randomly grouped subplots into bins of four (Site

1), three (Site 2–4), and two (Site 4) subplots. These bins (i.e., binned

subplots) yielded approximately similar total areas of 1,200 m2,

900 m2, and 800 m2, respectively (Supporting Information

Appendix S4).

We did not detect consistent differences in biomass stocks

across the existing elevational gradient in Site 4 (i.e., 61–123 m),

which suggests that topography does not shape biomass patterns in

our study region (linear model, df = 122, F = 2.2, r2adj = 0.009, and

p = 0.141). Moreover, windthrows were observed in all the topo-

graphic classes and elevation ranges included in our study sites.

Therefore, we binned subplots from Sites 1–3 using windthrow tree‐
mortality as a single grouping variable. For Site 4, we binned sub-

plots randomly. We calculated windthrow tree mortality and eleva-

tion for bins as the mean of corresponding subplot values. Further

analyses were conducted on mean values of bins.

We used the data from undisturbed bins (hereafter referred to as

the undisturbed chronosequence) to assess relative biomass recovery

and changes in community mean wood density (abundance

weighted, Supporting Information Appendix S5) in the windthrown
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bins (hereafter referred to as the windthrow chronosequences). With

that, we aimed at accounting for possible pre‐disturbance differences

on biomass stocks and community mean wood density among sites.

To define the undisturbed chronosequence, we applied a thresh-

old of windthrow tree mortality ≤4%. This number reflects the maxi-

mum background tree‐mortality rates (Lugo & Scatena, 1996)

reported for local‐regional old‐growth forests not affected by large‐
scale windthrows (Johnson et al., 2016; Marra et al., 2014; Toledo

et al., 2011). We defined the severity of windthrow chronose-

quences based on estimates of windthrow tree mortality: low‐ 4%–
20% (12% and 19%, mean and maximum, respectively); moderate‐
20%–40% (29% and 39%); and high‐ >40% (49% and 65%).

We monitored four mechanisms of biomass increment (i.e.,

regrowth) and two of biomass loss (i.e., post‐windthrow mortality).

Mechanisms of biomass increment include: diameter growth of sur-

vivor trees (includes those recruited after the windthrows but with

DBH ≥10 cm in our first inventories), diameter growth from recruits

(i.e., trees that were recruited in our second inventories and followed

in a subsequent inventory), diameter growth from resprouters with

mechanical injuries likely to have been caused by the respective

windthrows (i.e., snapped, uprooted, and crown‐injured trees), and

recruitment (trees crossing our 10 cm DBH threshold). Although

resprouting does not include direct measures of biomass increment

resulting from changes in crown area and/or volume (i.e., regrowth

of branches or leaves), the trunk accounts for ~65% of the total bio-

mass of trees in our study region (Higuchi, Santos, Ribeiro, Minette,

& Biot, 1998). Growth from recruits was only measured for Site 1

(7–10 years since disturbance) and Site 2 (17–20 years since distur-

bance), for which we had three consecutive forest inventories.

Mechanisms of biomass loss include post‐windthrow mortality of

undamaged trees and those that suffered trunk and/or crown dam-

age (i.e., resprouters). Net biomass change was calculated as biomass

increment minus biomass loss for the time period between forest

inventories.

In repeated forest inventories, assumptions about the prior bio-

mass of recruits crossing the 10 cm DBH threshold will affect overall

biomass estimates. For instance, assuming that recruits had zero ini-

tial biomass can overestimate the contribution of recruitment to

overall biomass increment and net change (Talbot et al., 2014).

Therefore, we predicted the DBH of recruits backward by using ran-

dom forest regression algorithms (Breiman, 2001; Cutler et al., 2007)

and calculated the biomass increment as the difference between the

predicted and the measured DBH (see details in Supporting Informa-

tion Appendix S5). As an alternative to using community mean val-

ues (Talbot et al., 2014), this approach allowed us to reliably account

for species differences in growth due to the heterogeneous and

dynamic environmental conditions of windthrows. Still, our predictive

models of annual growth (both calibration and validation) tended to

underestimate observable valuables (Supporting Information

Table S2 and Figure S2).

We fitted generalized additive models (GAMs) to capture non‐lin-
ear relationships of biomass change and its components to our main

predictors, time since disturbance and windthrow tree mortality.

GAMs can include multiple non‐parametric smoothing functions,

which do not require an a priori assumption of the functional form

between the response and predictor variables, and can fit models

with different error distributions (Hastie & Tibshirani, 1990; Wood,

2006) (Supporting Information Appendix S6). We used the two pre-

dictors (and their interaction) as fixed smooth‐terms. Although eleva-

tion was not an important variable driving biomass stocks in our old‐
growth forests, there is evidence that windthrow damage and tree‐
mortality are mediated by topography (Goulamoussène, Bedeau,

Descroix, Linguet, & Hérault, 2017; Marra et al., 2014; Rifai et al.,

2016). To account for that, we considered the interaction between

windthrow tree mortality and elevation as an additional fixed

smooth‐term. Due to site differences in range and mean values of

elevation, we included the interaction between this variable and sites

as a random smooth‐term. We used the total area of bins as obser-

vation weights during model fitting (Nelder & Wedderburn, 1972;

Wood, 2006).

For graphical display, we predicted net biomass change and its

components as a function of time since disturbance for four levels

of windthrow tree mortality: 4%, 20%, 40%, and 65%. These values

span the range of windthrow tree mortality observed in our study

sites (i.e., after binning). We checked the precision of our estimates

by calculating 95% confidence intervals using standard errors from

predictions (Supporting Information Appendix S6).

To check for possible biases on model results due to our binning

approach, we fit equivalent GAMs with non‐binned (i.e. subplot‐level)
data for all investigated processes (Supporting Information Figure S3

and Table S3). Here, we tested for spatial autocorrelation of subplots

along the transects by fitting an extra model in which subplots was

included as an additional random smooth‐term (Wood, 2006). The

models fit with subplot‐level data showed similar patterns but had,

as expected, lower explanatory power than those fit with binned

data (Supporting Information Table S4). Spatial autocorrelation for

subplots on estimates of relative biomass stocks and community

mean wood density was minor and including this term did not

change model residuals substantially. This indicated that the effects

of subplots nested in transects were negligible.

3 | RESULTS

3.1 | Impacts of windthrows on biomass stocks

Although we observed continuous biomass recovery over time (i.e.,

trees ≥10 cm DBH, 4–27 years since disturbance), windthrows pro-

duced reductions in biomass stocks that persisted for decades (Fig-

ure 2a and Supporting Information Figure S5). The undisturbed

chronosequence (i.e., windthrow tree mortality ≤4%) showed no

substantial changes in biomass stocks (Figure 2a, dark‐blue points).

Four years after disturbance (Site 1), mean (± 95% CI) biomass

stock in areas experiencing moderate windthrow severity (20%–40%
windthrow tree mortality) were 179.4 ± 58.3 Mg/ha while those

experiencing high windthrow severity (>40% mortality) were

118 ± 84.3 Mg/ha. These correspond to 64% and 42%, respectively,
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of the biomass in the undisturbed forest at Site 1 (279.9 ± 40.5 Mg/

ha) (Figure 2a and Supporting Information Figure S5). After 27 years

(Site 3), biomass stocks had not yet fully recovered and had reached

82% (moderate severity; 195.2 ± 69 Mg/ha) and 70% (high severity;

165.9 ± 155.4 Mg/ha) of the undisturbed forest in Site 3

(237.3 ± 41.1 Mg/ha). Across all sites, the areas experiencing low

windthrow severity (4%–20% windthrow tree mortality) had large

variation of biomass stocks—from 48% (133.9 Mg/ha) to 191%

(530 Mg/ha) of those observed in the undisturbed chronosequence.

High biomass in windthrow chronosequences reflects single subplots

with higher‐than‐average numbers of large trees (i.e., DBH between

50–134 cm) that contributed to very high estimates of biomass

stocks (e.g. 1,389.3 Mg/ha and 1,058.6 Mg/ha in Site 1 and Site 3,

respectively).

We tested the effect of a number of model approaches and

assumptions on predictions of biomass recovery and its components.

Elevation and its interaction with windthrow tree mortality had only

a marginal effect on biomass recovery for non‐binned and binned

data (Supporting Information Tables S3 and S4, respectively). How-

ever, variations in elevation were also not independent from sites

and accounting for this variable did not increase the model's

explanatory power substantially.

Tree density varied strongly across our studied sites—27, 54

and, 91 trees per bin (minimum, mean and maximum, respectively).

Still, our model fit with only time since disturbance and windthrow

tree mortality explained 41.8% (adjusted coefficient of determina-

tion, r2adj = 0.39) of the variation in biomass stocks in our study sites

(Figure 2b and Supporting Information Figure S4a). Relative biomass

recovery and measures of fit for non‐binned data are given in Sup-

porting Information Figure S3 and Table S3, respectively.

Windthrow tree mortality influenced not only biomass stocks,

but also recovery rates. The predicted time to recover “pre‐distur-
bance” biomass (i.e., at least 90% of reference stocks) for areas

experiencing 20%, 40%, and 65% windthrow tree mortality were

27 years, 37 years and, 40 years, respectively (Table 1 and Support-

ing Information Table S5). Low windthrow severity resulted in sub-

stantial reductions of biomass stock, and the predicted recovery rate

over 4–27 years was lower (0.49% per year, ~1.3 Mg ha−1 year−1, all

sites) than that for moderate (1.16% per year, ~3 Mg ha−1 year−1)

and high (2% per year, ~5.1 Mg ha−1 year−1) windthrow severity.

Overall patterns of biomass were similar, but recovery was faster

when using two other allometric models for estimating tree biomass.

Including predictors that account for allometric differences among

species requires a longer time to recover (Supporting Information

Table S5).

3.2 | Rates and mechanisms of biomass change

While biomass increment due to standing tree growth was relatively

constant over time in undisturbed chronosequence (~3.5 Mg ha−1

year−1, all sites), in windthrow chronosequences it varied substan-

tially (from 2.1 Mg ha−1 year−1 to 7.6 Mg ha−1 year−1). Overall, bio-

mass increment in windthrow chronosequences increased at rates

(from 3.9 ± 0.4 Mg ha−1 year−1 to 6.3 ± 1.4 Mg ha−1 year−1) that

persisted for more than 15 years (Figure 3a and Supporting Informa-

tion Figure S6).

Rates of biomass loss in windthrow chronosequences were more

variable (i.e., from no loss to −26.9 Mg ha−1 year−1) compared to

undisturbed forest patches (from −1.3 Mg ha−1 year−1 to −3.1 Mg

ha−1 year−1), and indicated continued mortality of survivor trees dur-

ing the decades following disturbance (Figure 3c and Supporting

Information Figure S6). Although uncertainties are large, mean rates

of biomass loss in windthrow chronosequences (ranged from

−0.7 ± 0.3 Mg ha−1 year−1 to −7.5 ± 8.7 Mg ha−1 year−1) were up

to 3.4‐fold higher than rates in the undisturbed chronosequence

(~–2.2 Mg ha−1 year−1, all sites). Overall, post‐windthrow mortality

F IGURE 2 Biomass recovery in wind‐disturbed forests in Central Amazon, Brazil: (a) relative biomass stocks (i.e., compared to the mean
biomass stocks of undisturbed forest patches in the same time period, dark‐blue points) and (b) predictions of biomass recovery over time
since disturbance for different windthrow severities. In panel a, we jittered data points to reduce overlap. Predictions were made with
generalized additive models (GAMs) fit with time since disturbance and windthrow tree mortality (and their interaction) as predictors (see
Supporting Information Table S4 for details). Shaded areas indicate the 95% confidence intervals of predictions. Data on biomass stocks are
summarized in Supporting Information Figure S5. See Supporting Information Figure S3 for results using non‐binned data [Colour figure can be
viewed at wileyonlinelibrary.com]
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losses were lowest at high windthrow severity (~−2.5 Mg ha−1

year−1, all sites) and highest at low (~−2.8 Mg ha−1 year−1) and

moderate (~−3.8 Mg ha−1 year−1) windthrow severities.

Our GAM model based on time since disturbance and windthrow

tree mortality explained 25.9% (r2adj = 0.21) of the variation in bio-

mass increment (Supporting Information Figure S4b and Table S4).

Including elevation resulted in similar predicted biomass recovery

and its inclusion in our model increased explanatory power by 4%.

Predicted rates of biomass increment in the windthrow chronose-

quences declined systematically with time since disturbance but

remained largely different from those of the undisturbed chronose-

quence for more than two decades (Figure 3b and Table 1).

TABLE 1 Predictions (mean ± 95% confidence intervals) of biomass patterns and relative wood density in wind‐disturbed forests in Central
Amazon, Brazil. Predictions were made with generalized additive models (GAMs) fit with time since disturbance and windthrow tree mortality
(and their interaction) as predictors. See Supporting Information Figure S4 and Table S4 for details

Time since
disturbance
(years)

Windthrow tree‐
mortality (%)

Relative biomass stock
(Mg ha−1 year−1)

Biomass increment
(Mg ha−1 year−1)

Biomass loss
(Mg ha−1 year−1)

Net biomass change
(Mg ha−1 year−1)

Relative
wood
density

4 and 5.5 4 0.998 ± 0.062 3.493 ± 0.311 −2.85 ± 1.118 0.629 ± 1.111 1 ± 0.01

15 and 15.5 4 0.994 ± 0.038 3.781 ± 0.217 −2.401 ± 0.7831 1.374 ± 0.777 0.97 ± 0.01

27 and 25.5 4 0.988 ± 0.071 4.07 ± 0.396 −1.947 ± 1.422 2.119 ± 1.413 0.99 ± 0.01

4 and 5.5 20 0.788 ± 0.056 4.203 ± 0.29 −3.791 ± 1.26 0.484 ± 1.235 0.99 ± 0.02

15 and 15.5 20 0.843 ± 0.031 4.211 ± 0.225 −3.2 ± 0.925 1.043 ± 0.9 0.93 ± 0.01

27 and 25.5 20 0.902 ± 0.06 4.218 ± 0.394 −2.61 ± 1.322 1.603 ± 1.302 0.91 ± 0.02

4 and 5.5 40 0.526 ± 0.096 5.051 ± 0.484 −3.83 ± 1.774 1.254 ± 1.759 0.95 ± 0.02

15 and 15.5 40 0.654 ± 0.051 4.634 ± 0.285 −3.068 ± 1.039 1.581 ± 1.03 0.88 ± 0.01

27 and 25.5 40 0.793 ± 0.098 4.217 ± 0.536 −2.307 ± 1.92 1.907 ± 1.908 0.86 ± 0.02

4 and 5.5 65 0.198 ± 0.165 6.058 ± 0.837 −2.374 ± 3.53 3.48 ± 3.468 0.87 ± 0.04

15 and 15.5 65 0.418 ± 0.089 5.011 ± 0.698 −1.399 ± 2.831 3.516 ± 2.746 0.84 ± 0.03

27 and 25.5 65 0.658 ± 0.173 3.964 ± 1.286 −0.423 ± 4.203 3.553 ± 4.118 0.85 ± 0.06

Note. Time since disturbance is given for relative biomass stock and wood density, and net biomass change (and its components), respectively.

F IGURE 3 Biomass balance in wind‐
disturbed forests in Central Amazon, Brazil:
observed (a and c) and predicted (b and d)
biomass increment (i.e., tree growth plus
recruitment) and loss (i.e., post windthrow
tree mortality) over time since disturbance
for different windthrow severities. In
panels a and c, we jittered data points to
reduce overlap. Dark‐blue points are mean
values in undisturbed chronosequences.
Predictions were made with generalized
additive models (GAMs) fit with time since
disturbance and windthrow tree mortality
(and their interaction) as predictors (see
Supporting Information Table S4 for
details). Shaded areas indicate the 95%
confidence intervals of predictions. Data
on biomass increment and loss are
summarized in Supporting Information
Figure S6 [Colour figure can be viewed at
wileyonlinelibrary.com]
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By contrast, our model captured only 4.5% (r2adj = 0.01) of the

overall variation in biomass loss, indicating weak control of immediate

windthrow tree mortality (Supporting Information Figure S4c and Sup-

porting Information Table S4). Biomass loss tends to decrease over

time for any given chronosequence (Figure 3c and d and Table 1). Our

model suggests that post‐windthrow biomass losses tend to be highest

at moderate windthrow severity. This indicates a delayed negative

effect of windthrows on the carbon balance. Elevation and its interac-

tion with sites had only a marginal effect on observable patterns of

biomass loss and did not increase model explanatory power.

Biomass accumulated in the undisturbed chronosequence at rela-

tively consistent rates of ~1.4 Mg ha−1 year−1 (Figure 4a). In wind-

throw chronosequences, the altered rates of biomass increment and

loss drove large variations in rates of net biomass change (i.e., from

−21.8 to 7.5 Mg ha−1 year−1). Although some disturbed areas lost

biomass (i.e., biomass increment smaller than loss), windthrow

chronosequences showed an overall net increase in biomass at rates

up to two times higher (4 ± 0.7 Mg ha−1 year−1) than in the undis-

turbed chronosequence (maximum of 2 ± 1.3 Mg ha−1 year−1).

The large uncertainties associated with our predictions of bio-

mass loss dominated the uncertainties in predictions of net biomass

change. Thus, GAMs based on time since disturbance and windthrow

tree mortality explained only 5% (r2adj = 0.02) of the observed varia-

tion in net biomass change. Elevation and its interaction with wind-

throw tree mortality and sites did not affect predictions of net

biomass change (Supporting Information Figure S4d and Table S4).

While the net biomass change following high windthrow severity

was mainly driven by rapid growth coupled with low rates of mortal-

ity, the smaller rates of net biomass change observed after low and

moderate windthrow severity mostly reflected an increased and vari-

able post‐windthrow mortality of trees. Although with a high associ-

ated uncertainty (Figure 4b), predicted net biomass change in the

windthrow chronosequences was up to 1.7 times (3.5 ± 4.1 Mg ha−1

year−1) that observed in the old‐growth forest used as a control

(2.1 ± 1 Mg ha−1 year−1). Note that biomass increment and loss only

account for live biomass—that is, we did not quantify decomposition

of coarse woody debris on the forest floor.

The importance of different mechanisms of biomass increment and

loss was strongly influenced by windthrow severity (Figure 5). Growth of

survivor trees (as opposed to different forms of recruitment) accounted

for 99.8% and ~95% of the observed biomass increment in Site 4 and in

the undisturbed chronosequence (all sites). In contrast, recruitment and

subsequent growth of those recruits increased in importance with wind-

throw severity, especially during the initial years of recovery. Together

they accounted for up to 23.5% (5.5 years, only recruitment) and 49.1%

(8.5 year, recruitment plus growth of recruits) of the total biomass incre-

ment at Site 1. The increased importance of these mechanisms resulted

in shifts of the size distribution in these forests toward smaller trees

(Supporting Information Figure S7). The contribution of resprouting trees

to biomass recovery was generally low but was of higher importance in

moderate and high windthrow severity and toward later phases of

recovery (15.5 years, 18.5 years and 25.5 years), contributing a maxi-

mum of 11% (15.5 years) of the total biomass increment.

Post‐windthrow mortality of damaged trees accounted for up to

23% (8.5 years) of the overall biomass loss post‐windthrow, with lar-

gest losses at low to moderate windthrow severities. Within sites,

the losses occurred during different inventory periods, for example,

at low severity after 5.5 years and at moderate severity only after

8.5 years. Elevated post‐mortality losses were still noticeable at low

to moderate windthrow severity after 15.5 years (moderate),

18.5 years (moderate), and 25.5 years (low).

3.3 | Species turnover and wood density

Site 4 and the undisturbed chronosequence were dominated by late‐
successional species with a community mean wood density of

F IGURE 4 Net biomass change (i.e., biomass increment minus loss) in wind‐disturbed forests in Central Amazon, Brazil: (a) observed and (b)
predicted net biomass change over time since disturbance for different windthrow severities. In panel a, we jittered data points to reduce
overlap. Dark‐blue points are mean values of biomass net change in undisturbed forest patches. Predictions were made with generalized
additive models (GAMs) fit with time since disturbance and windthrow tree mortality (and their interaction) as predictors (see Supporting
Information Table S4 for details). Shaded areas indicate the 95% confidence intervals of predictions [Colour figure can be viewed at
wileyonlinelibrary.com]
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0.703 ± 0.004 g/cm3 and ~0.704 g/cm3 (all sites), respectively (Fig-

ure 6a and Supporting Information Figure S8). In contrast, wind-

throws produced strong and persistent reductions in community

mean wood density (minimum of 0.551 g/cm3) and changed the bio-

mass partitioning among functional groups, that is, pioneers versus

mid‐ versus late‐successional species (Supporting Information Fig-

ure S9) over the 4–27 years of recovery we studied.

Our model including time since disturbance and windthrow tree

mortality captured 68% (r2adj = 0.64) of the overall variation of relative

wood density in our windthrow chronosequences (Figure 6b and Sup-

porting Information Figure S4e and Supporting Information Table S4).

Elevation had no effects on variations of communitymeanwood density.

4 | DISCUSSION

Both time since disturbance and windthrow severity were important

factors explaining the 8.1‐fold variation in biomass stocks across differ-

ent sites in the Central Amazon. Windthrow severity controls the trajec-

tory of forest recovery in several ways. The severity of the windthrow

event determines the initial reduction in biomass. The size of the gaps

created and the increased light availability and nutrients released from

necromass in turn impacts the trajectory of subsequent processes. In

the initial phase of recovery (5.5 years since disturbance), recruitment

was a major biomass recovery mechanism in areas suffering high

windthrow severity, while growth by surviving trees was more impor-

tant for areas experiencing low and moderate severity windthrow. At

later stages (8.5–25.5 years), growth by recruits and especially

resprouted trees remained important but new recruitment ceased

quickly. Post‐windthrow biomass losses, though hard to predict, were

generally substantial even over almost two decades after the windthrow

events. Even though biomass recovered up to 70%–82% of pre‐distur-
bance values over the ~25 years in our oldest chronosequence site,

changes in the relative dominance of functional groups from late suc-

cessional (undisturbed) to mid successional and pioneer species (dis-

turbed) indicate long‐lasting effects of windthrows manifested in less

dense wood that is also less resistant to new disturbances. Our results

suggest that windthrows have the potential to create a functional and

taxonomic legacy affecting the biomass/carbon balance at the landscape

level in Amazon terra‐firme forests.

4.1 | Biomass patterns along recovery

We observed high rates of windthrow tree mortality and damage.

These are consistent with high wind speeds reported for the Ama-

zon (e.g. 68–147 km/hr; Negrón‐Juárez et al., 2018; Garstang et al.,

1998) that have been hypothesized to cause widespread tree mortal-

ity. This finding demonstrates that Amazon downbursts have

destructive power similar to that of other tropical storms (Burslem

F IGURE 5 Mechanisms of biomass increment and loss in terra‐firme forests of the Central Amazon, Brazil. The data set includes an old‐
growth forest (Site 4) used as a control and three sites (Sites 1–3) that experienced a wide gradient of windthrow tree mortality (up to 70%)
and that span 4–27 years of recovery (see Figure 1 and Supporting Information Table S1 for details). Windthrow severity: Undisturbed
windthrow tree‐mortality ≤4%; Low‐ 4%–20%; Moderate‐ 20%–40%; High‐ >40%. Mechanisms: Survivors‐ biomass increment by survivor trees
(includes those recruited after the windthrows but with DBH ≥10 cm in our first inventories); Recruitment‐ biomass increment by trees
crossing our 10 cm DBH threshold; Resprouting‐ biomass increment by trees with damage/injuries in the trunk and/or crown; Recruits‐
biomass increment by trees that were recruited in our second forest inventory and followed in a subsequent inventory; Mortality‐ biomass loss
by dead trees; Mortality of resprouters‐ biomass loss by dead trees with damage/injuries in the trunk and/or crown [Colour figure can be
viewed at wileyonlinelibrary.com]
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et al., 2000; Everham & Brokaw, 1996; Hjerpe, Hedenâs, & Elmqvist,

2001; Mascaro et al., 2005; Scalley et al., 2010; Scatena, Moya,

Estrada, & Chinea, 1996).

High rates of windthrow tree mortality are predicted to induce

equally high rates of biomass recovery. Yet, biomass recovery rates

in our study sites were comparably slower than in a forest in Puerto

Rico that experienced 50% loss of biomass in a hurricane. In this for-

est, net biomass change during the first 5 years (16.3 Mg ha−1

year−1; Scatena et al., 1996) and over a 15‐year period (8 Mg ha−1

year−1; Scalley et al., 2010) were 4.5‐ and 2.2‐fold higher (respec-

tively) than the maximum predicted value in our windthrow

chronosequences (3.6 Mg ha−1 year−1). Hurricane‐damaged forests

in Nicaragua experiencing a 73% biomass loss had recovered ~34%

of initial values over a 11‐year period of recovery and net biomass

change averaged 5.4 Mg ha−1 year−1 (Mascaro et al., 2005).

While our biomass recovery rates were lower than in these Cen-

tral American forests—most likely due to differences in forest struc-

ture and environmental conditions—they were substantially higher

than recovery rates found after selective logging. Forests recovering

for a similar time period (i.e., 1–33 years) following a 10%–50% bio-

mass loss due to logging had predicted recovery times ranging from

12 to 75 years (Rutishauser et al., 2015) as opposed to a maximum

of 40 years required to recover the biomass lost after 65% tree‐mor-

tality in our windthrown sites. There are several potential causes for

the apparently faster biomass recovery in windthrows. In contrast to

most human disturbances, windthrows do not alter the seed and

seedling/sapling banks and retain nutrients via the incorporation of

recalcitrant fractions of necromass into the soil (dos Santos et al.,

2016; Vitousek & Denslow, 1986). Furthermore, windthrows, unlike

logging, have a complex geometry (Araujo et al., 2017; Marra et al.,

2014; Nelson et al., 1994). A higher perimeter per area of disturbed

forest creates a more effective interface with adjacent undisturbed

forest patches acting as seed sources. In addition, windthrows

provide particular niches, such as pits and mounds of uprooted trees

(Putz, 1983), where several species can germinate and establish

(Marra et al., 2014; Ribeiro et al., 2014).

Biomass loss reported for an Amazon forest recovering from log-

ging for a 4‐year period was 1.6‐fold higher (Mazzei et al., 2010)

than the maximum value we observed in a similar period of recovery

from windthrows (−4.6 Mg ha−1 year−1, 5.5 years). Higher recovery

rates and lower loss rates suggest that these forests have a higher

resilience to windthrow than to logging. Biomass loss due to post‐
windthrow mortality was predominantly stochastic and may have a

range of causes such as delayed mortality of damaged/disease‐prone
trees, competition with newly incoming regeneration, physiological

stress after exposure to altered environmental conditions, and

increased susceptibility to recurrent smaller scale wind disturbances

(Laurance & Curran, 2008; Laurance et al., 2006; Schwartz et al.,

2017). We showed that delayed mortality is particularly important in

windthrows with low to moderate severity. Our data suggest that

care should be taken when estimating mortality from satellite images

that only capture the signal of the initial mortality wave but miss

such delayed mortality. Furthermore, modeling post‐windthrow car-

bon loss will require more information on the fate of the necromass

produced during windthrows (dos Santos et al., 2016), which was

not included in this study.

4.2 | Wind‐induced changes in vital rates,
functional composition, and community wood density

Biomass increment in our old‐growth forest and undisturbed

chronosequence was dominated by growth of adult trees. In con-

trast, biomass increment in windthrows was largely driven by addi-

tional recruitment (i.e., trees crossing the 10 cm DBH threshold),

which has also been observed in other tropical forests recovering

from storms (Burslem et al., 2000; Hjerpe et al., 2001; Vandermeer

F IGURE 6 Effects of windthrows on community mean wood density in Central Amazon forests, Brazil: (a) observed relative wood density
(i.e., compared to the mean wood density of undisturbed forest patches in the same time period, dark‐blue points) and (b) predicted changes in
relative wood density over time since disturbance for different windthrow severities. In panel a, we jittered data points to reduce overlap.
Predictions were made with generalized additive models (GAMs) fit with time since disturbance and windthrow tree mortality (and their
interaction) as predictors (see Supporting Information Table S4 for details). Shaded areas indicate the 95% confidence intervals of predictions.
Data on wood density are summarized in Supporting Information Figure S7 [Colour figure can be viewed at wileyonlinelibrary.com]
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et al., 2000). In our sites, the threshold for predicting when this

mechanism of recovery begins to dominate occurs when windthrow

tree mortality exceeds 20% (i.e., ~10 of the ~54 dead trees in a sin-

gle Landsat pixel) (Chambers et al., 2013; Negrón‐Juárez et al.,

2018). Interestingly, despite significant rates of post‐windthrow mor-

tality, the growth of survivor trees was equal to or greater than the

tree growth in the undisturbed control sites already during early

recovery phase (5.5 years). There are two possible causes for this: (a)

an increase in growth rates of survivors released from competition

compensate for the wind‐induced loss of individuals; or (b) recruit-

ment and the activation of the sapling bank happens so fast, that

many individuals have passed the 10 cm DBH threshold already

before the first inventory. We suspect that the former is the main

reason for high rates of growth at low to moderate severity, while

the latter is the main cause for the even higher growth rates at high

severity.

Although many of the species are able to resprout (Marra et al.,

2014; Putz & Brokaw, 1989), this mechanism of biomass increment

was relatively unimportant. It contributed <11% percent to the over-

all increment and was observed mostly during later stages of the 4‐
to 27‐year period covered by our study. Importantly, some species

may reduce or stop lateral growth to allocate resources to repair/re-

place crown damage. This allocation of resources to repair crowns

may limit DBH growth (Bellingham, Tanner, & Healey, 1994; Mas-

caro et al., 2005; Yih, Boucher, Vandermeer, & Zamora, 1991), but

would not have been identified as resprouting in our study.

Although biomass stocks can be completely recovered in the 27–
40 years following windthrow, the accumulated biomass is largely in

pioneer and mid‐successional species with short life spans and low

wood density (Chazdon, 2014; Laurance et al., 2004; Swaine &

Whitmore, 1988). In our windthrown subplots genera like Cecropia,

Conceveiba, Guatteria, Inga, Miconia, Pourouma, Tachigali, and Tapirira

were common. Some of these genera are classically reported to

dominate early succession also following general human disturbances

(Jakovac, Peña‐Claros, Kuyper, & Bongers, 2015; Laurance et al.,

2006; Mesquita, Massoca, Jakovac, Bentos, & Williamson, 2015).

Thus, the recovery of the functional composition typical for old‐
growth forests dominated by species with high wood densities (Fau-

set et al., 2015) is likely to take much longer than four decades.

The successional trajectory of disturbed forests beyond the ~30‐
year limit imposed by the availability of historical Landsat images

(Chambers et al., 2013; Espírito‐Santo et al., 2010; Negrón‐Juárez
et al., 2018) may take different pathways. Studies of forest dynamics

after human disturbances (e.g., forest clearing) showed that cohorts

of pioneer and mid‐successional species may die in synchronized

waves once they have reached their maximum longevity. If this is

true for succession after windthrow, we might expect net biomass

losses over the next several decades (Chazdon, 2014; Mesquita

et al., 2015). Alternatively, as observed after logging (Mazzei et al.,

2010; Rutishauser et al., 2015), increased abundance and biomass

increment in mid‐ and late‐successional species can compensate for

such losses and prevent these forests from entering a period of neg-

ative net biomass change.

Altered functional composition can imply changes in forest attri-

butes related to its capacity for biomass storage, including the wood

physiology and protection, maximum attainable sizes, and crown

architecture (Magnabosco Marra et al., 2016; Nascimento & Lau-

rance, 2004; Vieira et al., 2004). For instance, reduced wood density

and shorter life spans of early successional cohorts of species (Lau-

rance et al., 2004; Mesquita et al., 2015; Swaine & Whitmore, 1988)

can reduce the residence time of woody biomass and accelerate

dead wood decay rates (Chambers et al., 2000; Galbraith et al.,

2013; Hérault et al., 2010). Most pioneers do not attain tall stature

(King, 1996; Magnabosco Marra et al., 2016; Swaine & Whitmore,

1988). Unless they are replaced by late‐successional species over the

course of succession, the total ecosystem volume captured by the

forest remains low, as do carbon stocks. Importantly, forests with

smaller and lower wood density pioneer trees can have slower rates

of biomass accumulation (Hérault & Piponiot, 2018) and be more

vulnerable to new windthrows (Ribeiro et al., 2016; Rifai et al.,

2016) and other disturbances such as pathogen attack, drought, fire,

and land use/fragmentation (Hérault & Piponiot, 2018; Laurance &

Curran, 2008; Schwartz et al., 2017; Silvério et al., accepted).

4.3 | Landscape control and potential implications

Models predicting biomass change following windthrow were not

very sensitive to the inclusion of landscape features such as eleva-

tion (e.g., variations between plateau and valley conditions). We can

therefore conclude that the relationships in our models can be gen-

erally applied to Central Amazonian forests irrespective of the topo-

graphic position. This finding confirms studies that have shown a

weak effect of topographic aspects on the biomass dynamics of old‐
growth forests (Castilho, Magnusson, Araújo, & Luizão, 2010) and on

the recovery trajectory of secondary forests (Hérault & Piponiot,

2018). Additional work in the study region showed that the suscepti-

bility to snapping and uprooting is apparently similar for trees estab-

lished in upper plateaus and lower valleys (Ribeiro et al., 2016). It is

however known that topography controls wind speed and thus the

occurrence and severity of windthrows, with plateau and slopes

being affected more often and severely than valleys (Everham &

Brokaw, 1996; Marra et al., 2014; Rifai et al., 2016).

While our models can predict the trajectory of biomass change

after windthrow, we cannot assess the effects of windthrows on for-

est and carbon dynamics at larger spatial scales without more infor-

mation on the size distribution and return frequency of windthrows

at the landscape level. We have selected our transects to span gradi-

ents of windthrow severity, but their non‐random positions do not

allow us to make any inferences on the relative area made up by

windthrows of different age. If precise maps of return frequency and

severity of windthrows existed, the relationships we uncovered

could be applied to assess the consequences of windthrows on the

regional biomass carbon budget.

Large‐scale windthrows occur at low frequencies (i.e., centuries

to thousands of years) (Espírito‐Santo et al., 2010; Negrón‐Juárez
et al., 2018). Our data cover a continuous gradient of windthrow
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sizes (from ~400 m2 up to a several hectares) and tree‐mortality

severities. Therefore, the patterns we found are likely to represent

the processes operating in smaller and more frequently occurring

windthrows (i.e., on decadal to century scales; Chambers et al.,

2013). As mentioned before, it is possible that the smaller wind-

throws (~400 m2) we studied can occur on average every 74 years

(Chambers et al., 2013). From this, it can be calculated that at equi-

librium conditions 35% of the landscape would have been affected

by a small‐scale windthrow within the last 30 years (Supporting

Information Figure S1a). This corresponds to the observation period

covered by our chronosequence. According to our data, this fraction

of forest landscape would thus still be dominated by light‐wooded

tree species forming forests that have not yet fully recovered their

pre‐disturbance biomass. Likewise, 18% of the landscape would be

covered by forests disturbed within the last 10 years and exhibiting

substantially reduced carbon stocks. It is thus conceivable that the

legacy of windthrows may reduce the landscape carbon stocks con-

siderably.

Future work needs to be devoted to characterizing the extent,

the frequency, and the severity of wind disturbances at the basin

scale. This is even more important as the wind disturbance regime is

likely to be altered by climate change as a consequence of shifts in

rainfall and convective systems (IPCC, 2014; Mcdowell et al., 2018;

Tan, Jakob, Rossow, & Tselioudis, 2015). As of now, our analysis

suggests that the carbon stocks of Central Amazon forests exhibit a

high degree of resilience against windthrows when compared with

human disturbances. However, disturbances that recur over a short

time interval are likely to reduce the resilience and carbon storage

capacity of tropical forests (Chazdon, 2014; Jakovac et al., 2015;

Mesquita et al., 2015). Should climate change intensify the wind dis-

turbance regime in the Amazon region such that windthrows recur

more frequently (i.e., <40 years), substantial and long‐lasting changes

in biomass patterns and functional composition of forests can be

expected. Shorter recurrence intervals between windthrows may

eventually prevent these forests to return to old‐growth levels of

biomass and wood density and will divert them to alternate stable

states dominated by pioneers with reduced carbon stocks.
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