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A B S T R A C T   

Leaf-litter production is an essential part of the carbon cycle of tropical forests. In the Amazon, it is influenced by 
climate, presenting high levels during the driest months of the year. However, it is less established how extreme 
climatic events may impact leaf-litter production in the long term. Even more unclear is how litter production is 
affected by human-driven disturbances. Here we examine the effects of the 2015–16 El Niño drought and sub-
sequent fires in the leaf-litter production of human-modified Amazonian forests, thus investigating the in-
teractions of a climatic extreme with anthropogenic disturbances on this key process of the Amazonian carbon 
cycle. We sampled leaf litter from April 2015 until March 2019 across 20 plots located in the eastern Brazilian 
Amazon, in a total of 11,548 samples. Plots were distributed along a pre-El Niño gradient of human disturbance, 
including undisturbed, logged, logged-and-burned, and secondary forests. All plots were impacted by the 
extreme drought caused by the 2015–16 El Niño, and eight were also impacted by understory fires. We found a 
significant and non-linear relationship between precipitation and monthly leaf-litter production – above 300 mm 
of monthly precipitation, the production of leaf-litter becomes independent of rainfall. Surprisingly, this rela-
tionship was not influenced by pre-El Niño forest disturbance class. During the El Niño, leaf-litter production was 
higher, decreasing sharply in the following year, especially in El Niño-fire-affected forests. Between 2017 and 
2019, all forests experienced a gradual increase in the production of leaf litter. However, the mechanisms behind 
this increase remain unclear and are likely different between forests affected only by the El Niño drought and 
those affected by both the drought and fires. Our results suggest that while leaf-litter production may be 
insensitive to past human disturbances, it is affected, in the short term, by extreme climatic events, especially in 
forests impacted by El Niño fires.   

1. Introduction 

Extreme climatic events are becoming increasingly common as the 
21st century progresses (IPCC, 2007). The El Niño event of 2015–2016 
was one of these events and considered one of the strongest on record 
(Jimenez et al., 2018), affecting some of the world’s most important 

ecosystems (França et al., 2020). For example, within the Amazon, 
temperatures reached 1.5–2 ◦C above the maximum temperature 
observed during previous El Niños (Jiménez-Muñoz et al., 2016). This 
increase in temperature was accompanied by a severe reduction in 
precipitation, which resulted in widespread drought and a subsequent 
increase in the occurrence of understory forest fires (Van Schaik et al., 
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2018). In one eastern Amazonian region alone, which represents just 2% 
of the Amazon’s extent, understory fires burned c. one million hectares 
of forest (Withey et al., 2018). 

The importance of these extreme climatic events has resulted in a 
growing number of studies evaluating how intense drought and result-
ing understory fires affect carbon cycling rates in Amazonian forests. For 
instance, some have evaluated changes in post-drought tree recruitment 
and mortality (Phillips et al., 2009); while others have quantified post- 
fire tree growth (Berenguer et al., 2018), tree mortality (Silva et al., 
2018), and consequent impacts on carbon stocks (Berenguer et al., 
2014). Yet, while our understanding of stem dynamics is improving, we 
have a more limited knowledge of other aspects of the forest carbon 
cycle. Litter – the aggregate input of leaves, twigs, fruits, flowers, and 
seeds onto the soil surface – for example, is much less studied despite its 
crucial role in the functioning of tropical rainforests, including nutrients 
cycling (Osborne et al., 2020), reducing seed predation (Cintra, 1997), 
influencing seedling establishment (Molofsky and Augspurger, 1992), 
and providing habitat for a broad range of vertebrates and invertebrates 
(Gascon, 1996; Vitt and Caldwell, 1994; Silveira et al., 2013). 

Litter fall accounts for 3.1–7.3 Mg C ha− 1 being cycled every year in 
Amazonian forests (Araujo-Murakami et al., 2014; Malhi et al., 2009b; 
Rocha et al., 2014), with leaves being its predominant component 
(Barlow et al., 2007; Girardin et al., 2014; Selva et al., 2007), corre-
sponding to 67–68% of its total (Chave et al., 2008; Rowland et al., 
2018). Leaves of Amazonian trees may fall because they have reached 
the end of their life span (Chavana-Bryant et al., 2019; Reich et al., 
1991), to protect other leaves from herbivory (Williams and Whitham, 
1986), to avoid water stress (Smith et al., 2019), or after a tree dies. It is 
well established that seasonality affects leaf-litter production across the 
Amazon, with the driest periods seeing the highest levels of leaf fall 
(Cornforth, 1970; Barlow et al., 2007; Lanuza et al., 2018). As a 
consequence, during extreme droughts, higher leaf litter indicate stems 
are water stressed, and that trees are either resorting to leaf abscission as 
a coping mechanism or are dying. This increased leaf fall leads to more 
fine fuel being accumulated on the forest floor, thus increasing forest 
susceptibility to understory fires (Brando et al., 2016). 

Despite the links between leaf litter and seasonality, few studies have 
assessed inter-annual changes (c.f. Paudel et al., 2015), which are key to 
understanding the long-term effects of extreme climatic events on the 
carbon cycle of tropical rainforests – for example, we currently do not 
know how quickly leaf litterfall returns to baseline levels after a severe 
drought. Moreover, the majority of studies in the Amazon have been 
conducted in undisturbed primary forests (Nebel et al., 2001; Selva 
et al., 2007), with only one study focusing on litterfall production in 
secondary forests (da Silva et al., 2018), thus providing limited insights 
into leaf litter production in human-modified forests. These are 
increasingly predominant in the region – in the Brazilian Amazon alone, 
146,068 km2 of primary forests were affected by either selective logging 
or understory fires between 2007 and 2016 (INPE, 2019); while c. 
120,000 km2 of secondary forests (i.e. those regenerating after defor-
estation) regrew between 1985 and 2017 (Nunes et al., 2020). It is 
therefore crucial to investigate the interaction between climatic and 
local stressors in the different components of the Amazonian carbon 
cycle to better understand how the largest rainforest in the world will 
function in the Anthropocene. 

Here, we address these knowledge gaps by undertaking a detailed 
assessment of leaf-litter production in Amazonian forests. We assessed 
leaf litter in 20 plots distributed along a gradient of pre-El Niño human 
disturbance classes (hereafter referred to as pre-EN forest disturbance 
classes), including undisturbed, logged, logged-and-burned, and sec-
ondary forests. The four-year study period (2015–2019) encompassed 
the El Niño of 2015–2016, allowing us to evaluate the impact of both 
drought and understory fires on leaf litter, as well as its post-El Niño 
recovery. During the El Niño, 12 plots were only affected by drought 
(hereafter called EN-drought-affected), while eight were also affected by 
wildfires. Although these plots were also affected by drought, we use the 

term “EN-fire-affected” to refer to them. We addressed five questions 
split into two broad groups. First, we explore the phenology of leaf litter 
production. Here, we ask (1) what is the relationship between monthly 
rates of leaf litterfall and precipitation, and (2) does this relationship 
differ (a) between pre-EN forest disturbance classes, (b) between EN- 
drought-affected and EN-fire-affected forests, and (c) between years? 
Second, we examine changes in mean leaf-litter production. For this, we 
use all data following the onset of the El Niño to examine (4) how pre-EN 
forest disturbance classes and the El Niño impact (i.e. drought alone or 
drought combined with fire) affect annual leaf-litter production? 
Finally, we use data of two months that we consistently have sampled 
across all years, including before the El Niño onset, to examine (5) 
whether, after three years since the end of the El Niño, average leaf-litter 
production has returned to pre-El Niño levels? 

2. Materials and methods 

2.1. Study area 

Our study was carried out in the municipalities of Santarém, Belterra 
and Mojuí dos Campos (hereafter referred to as Santarém region), 
located in the eastern Brazilian Amazon. The regional climate is hot and 
humid (Fig. S1) – between January 2000 and December 2019, the 
average annual temperature was 26.2 ◦C (Instituto Nacional de Meter-
eologia, 2019). Annual rainfall is around 2200 mm, with a marked dry 
season generally occurring between August and November, when rain-
fall <100 mm (Funk et al., 2015; Malhi et al., 2009a). During the 
2015–16 El Niño, the dry season was extended to a period of eight 
months, from June 2015 until January 2016 (Fig. S1B). 

The study region occupies an area of c. 6.5 million hectares and still 
presents large swathes of forests, including two protected areas – the 
Tapajós National Forest and the Tapajós-Arapiuns Extractive Reserve. 
However, most of the primary forest outside the protected areas have 
been previously disturbed by selective logging and understory fires 
(Gardner et al., 2013). Even parts of these two protected areas have also 
been affected by human-driven disturbances, including understory fires, 
which, in 2015–16, burned approximately 12% of the 527,000 ha of the 
Tapajós National Forest and 28% of the 678,000 ha of the Tapajós- 
Arapiuns Extractive Reserve (Withey et al., 2018). Secondary forests are 
also common in the region, representing c. 9% of the forested area in 
2015 (Withey et al., 2018). 

2.2. Sampling design 

We established 20 plots (10 × 250 m, 0.25 ha each) in terra firme 
forests (Table S1) distributed along a pre-El Niño gradient of forest 
disturbance, including: undisturbed primary forests (n = 5), logged 
primary forests (n = 5), logged-and-burned primary forests (n = 5), and 
secondary forests (n = 5). Pre-EN disturbance classes were determined 
based on a visual analysis of satellite images from 1988 until 2010 (i.e. 
the year the plots were first established for other studies), combined 
with an assessment of on-the-ground evidence of past disturbances, such 
as logging debris and charcoal (See Gardner et al., 2013 for more in-
formation). While all 20 study plots were affected by drought during the 
2015–16 El Niño, eight of them were also affected by understory fires 
between November 2015 and January 2016 (Table S2). In EN-fire- 
affected plots, median flame height varied between 10–20 cm, while 
the area directly affected by the fires varied between 72–98% (Withey 
et al., 2018). 

In all plots, six litter-fall traps (50 × 50 cm; 0.25 m2) were installed in 
April 2015, resulting in only two sampling months before the onset of 
the El Niño. Traps were located 1 m above the forest floor and 50 m 
apart. Litter was sampled bi-weekly until March 2019. At each sampling 
time, leaves were separated from the rest of the litter and oven dried at 
60 ◦C for 3 days. Finally, leaves were weighed using scales with an ac-
curacy of 0.01 g. To obtain monthly leaf-litter production of each trap 
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we first divided the leaf mass of each sampling by the number of days 
since the previous sampling event. We then attributed the daily average 
to every calendar day between sampling events. Finally, we added the 
values of all days in each month to obtain the monthly leaf-litter 
production. 

2.3. Data analysis 

2.3.1. Leaf-litter phenology 
We obtained plot-level monthly precipitation data from CHIRPS 

(Funk et al., 2015). To calculate monthly precipitation across the whole 
sampling region, we averaged the rainfall values of each given month 
across all study plots. We examined the relationship between plot total 
monthly leaf litter (hereafter, “monthly leaf litter”) and precipitation 
using mixed-effect models. We considered both linear and non-linear 
relationships by fitting polynomial models of degrees one to five (i.e. 
from linear to quintic fits) and chose the most parsimonious model as 
that with the lowest Bayesian Information Criterion score (Burnham and 
Anderson, 2002). All models included spatial and temporal random ef-
fects. Specifically, we included study plot as a random effect to account 
for the repeated plot sampling. This random effect was crossed with 
survey month to account for the seasonal nature of leaf litter. We used 
the results of this analysis to define the ‘leaf-litter year’ – i.e. the month 
with the highest precipitation, and therefore the lowest amount of leaf 
litter, to represent the beginning of the year. By this definition, our leaf- 
litter year began in April and ended in March of the following calendar 
year. In all subsequent analyses in which year was an explanatory var-
iable, it corresponds to the leaf-litter year. 

Next, we considered how the relationship between monthly leaf litter 
and precipitation varied across pre-EN forest disturbance classes (i.e. 
undisturbed, logged, logged-and-burned, and secondary forests), El 
Niño impact (i.e. plots only affected by drought vs those affected by both 
drought and fire), and years (i.e. 2015/16, 2016/17, 2017/18, and 
2018/19). To do so, we added one of the categorical variables (i.e. pre- 
EN forest disturbance class, El Niño impact, or year) to the most parsi-
monious monthly leaf-litter-to-precipitation model and constructed 95% 
confidence intervals for each level of the categorical variables, ac-
counting for both residual and random effect variance. We took the 
relationship between monthly leaf litter and precipitation to be signifi-
cantly dependent on the categorical variable if, for at least two levels of 
the variable, the 95% confidence intervals were non-overlapping. 
Otherwise, we assumed no statistical difference. 

2.3.2. Average leaf litter fall 
To investigate whether monthly leaf litter varied during and after the 

El Niño, we used a linear mixed-effect model with leaf-litter year as the 
fixed effect. Given that the El Niño began in June 2015, and consistently 
with our definition of the leaf-litter year, we took the year in which the 
El Niño occurred to be from June 2015 to March 2016. To ensure a 
balanced design, we removed April and May data from all subsequent, 
post-El Niño years. The random effect structure of this model was as 
described above: study plot crossed with survey month, and we tested 
mean differences in monthly leaf litter across years using Tukey’s post- 
hoc test with Bonferroni adjustments. Next, we examined whether there 
were differences in monthly leaf litter across pre-EN forest disturbance 
classes and El Niño impact during and after the El Niño event. We did 
this by adding interaction fixed effects between year and pre-EN forest 
disturbance classes and between year and El Niño impact to the model 
described above. We tested for differences across years and pre-EN forest 
disturbance classes and across years and El Niño impact by computing 
estimated marginal means for the interactions. In this analysis, we 
removed one outlier from our data. This outlying leaf-litter value was 
three times larger than any other recorded value across the whole time- 
series and 22 times larger than any value recorded in the same month. 
The removal of this outlier had no bearing on any of our findings. 

Finally, for a limited temporal subset of the data, we evaluated 

whether monthly leaf litter was different before and after the El Niño. 
We did this by comparing monthly leaf litter in April and May 2015 (i.e. 
the available pre-El Niño data) to monthly leaf litter in April and May in 
all subsequent years (i.e. 2016–2018), using a linear mixed-effect model 
with study plot as the random effect. We tested mean differences in the 
April-May monthly leaf litter across years using Tukey’s post-hoc test 
with Bonferroni adjustments. All analyses were run in R version 3.6.0. 

3. Results 

3.1. Relationship between leaf litter and precipitation 

Monthly leaf litter was significantly and non-linearly related to 
precipitation – in months which precipitation levels were greater than c. 
300 mm, leaf litter was largely independent of it (Fig. 1). For lower 
precipitation levels, leaf litter increased markedly. This relationship was 
held across all pre-EN forest disturbance classes and types of El Niño 
impact (Fig. 2). Over time, all forests continued to present a similar 
relationship between leaf litter and precipitation, with higher rates of 
leaf litterfall during drier months. This pattern was not significantly 
different across all sampled years (Fig. S2). 

3.2. Leaf-litter production during and after the El Niño 

During the El Niño year (i.e. 2015/16), monthly leaf litter was 
significantly higher than in the following three years (Fig. 3). Specif-
ically, monthly leaf litter declined significantly in the first year after the 
El Niño (2016/17) and increased thereafter. This pattern seemed to be 
driven by the type of El Niño impact – in 2016/17, EN-fire-affected 
forests presented significantly lower levels of leaf litter than EN- 
drought-affected forests (Fig. 4). Pre-EN forest disturbance class did 
not influence leaf litter neither during nor after the 2015–2016 El Niño 
(Fig. S3). 

3.3. Comparison between pre- and post-El Niño leaf litter 

There were no significant differences in pre- and post-El Niño 

Fig. 1. Relationship between monthly leaf litter and precipitation. Each data 
point represents the monthly leaf litter of each of the 20 study plots across the 
four years of sampling. The fitted line represents the model fit and the shaded 
area the 95% confidence interval. 
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monthly leaf litter in April and May (Fig. S4). However, mean monthly 
leaf-litter production was lowest in April-May 2016 (i.e. in the year 
following the El Niño) before increasing to values more consistent with 
those seen prior to the El Niño. 

4. Discussion 

Leaf-litter production is one of the best studied ecosystem processes 
in tropical forests, and litter traps are integrated into many forest 
monitoring protocols. However, to date most research investigating 

patterns of leaf-litter production in the Amazon has been conducted in 
undisturbed forests (Girardin et al., 2014; Selva et al., 2007), and no 
studies have evaluated the long-term effects of an extreme climatic event 
– although some have explored the effect of a long-term experimental 
drought on litterfall dynamics (Brando et al., 2008; Rowland et al., 
2018). Additionally, we are not aware of any study that has explored the 
possibility of an interaction between previous disturbance events, and 
droughts and fires related to climatic extremes. Our study, while lacking 
long-term data from before the El Niño event, provides three important 
insights into how leaf-litter production responds to climatic and local 
stressors. We explore these in turn, before examining some of the 
remaining uncertainties. 

4.1. El Niño effects on leaf litter are strongest when a forest burns 

In EN-fire-affected forests, trees faced the combined impact of severe 
water stress, as a consequence of the El Niño drought, and high mortality 
rates as a consequence of the fires, resulting in high levels of leaf-litter 
production in the El Niño year. In the following year, we recorded a 
strong reduction in leaf-litter production in EN-fire-affected forests 
(Fig. 3), being even lower than that in EN-drought-affected forests 
(Fig. 4). This is likely a consequence of the low number of surviving 
stems in EN-fire-affected forests (Barlow et al., 2003). Two and three 
years after the El Niño, leaf-litter production increased in EN-fire- 
affected forests and became statistically similar to that found in EN- 
drought-affected forests. This recovery could be a consequence of the 
recruitment of a large number of pioneer species following the fires 
(Barlow and Peres, 2008), which tend to have very big leaves with short 
life spans (Reich et al., 1991), such as those from the genus Cecropia or 
Aparisthmium. As such, the similarity in post-El Niño leaf-litter produc-
tion between forests affected by drought and those affected by both 
drought and fire needs to be interpreted with caution, as it is likely 
underpinned by very different mechanisms. 

Fig. 2. Relationship between monthly leaf litter and precipitation through time 
between pre-EN forest disturbance classes and El Niño impacts. Monthly leaf 
litter from April 2015 until March 2019 across undisturbed (n = 5), logged (n =
5), logged-and-burned (n = 5) and secondary (n = 5) forests. Green lines 
represent the mean monthly leaf litter of EN-drought-affected plots, while or-
ange lines represent EN-fire-affected plots. Shaded areas show confidence in-
tervals (95% CI). The blue background shading exhibits monthly precipitation, 
with lighter tones showing drier periods and darker tones the wetter ones across 
the whole sampled region. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Monthly leaf litter across the four different leaf-litter years. Each leaf- 
litter year period corresponds from June to March (see methods), thus 
2015–16 encompasses the whole El Niño period. Different letters across 
different leaf-litter year indicate a significant difference in monthly leaf litter 
across each leaf-litter year, following Tukey’s post-hoc test with Bonferroni 
adjustments. 
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4.2. Leaf-litter production is generally insensitive to past human 
disturbance 

Human-modified forests, when compared to undisturbed ones, pre-
sent a different plant community composition (Barlow and Peres, 2008; 
Laurance et al., 2006), dominated by pioneers with acquisitive func-
tional traits (Carreño-Rocabado et al., 2012) – i.e. species that grow fast 
(Berenguer et al., 2018) and have high leaf turnover rates (Galia Selaya 
et al., 2008). Additionally, pioneers tend to have narrower hydraulic 
safety margins, being more likely to die during a drought (Santiago 
et al., 2018). As a consequence, we expected that both disturbed primary 
and secondary forests would present higher levels of leaf-litter produc-
tion throughout the year, due to the greater presence of species with 
short leaf life spans, and particularly during extreme droughts, given 
their greater likelihood to suffer embolism. 

Despite the reasons outlined above, our results show that the pro-
duction of leaf litter is relatively insensitive to past human disturbance: 
leaf fall in undisturbed, logged, logged-and-burned, and secondary for-
ests held similar phenological responses to precipitation during the four 
years of our study (Fig. S2), and presented similar variations in average 
leaf-litter production before, during and after the El Niño event (Figs. 2, 
3 and S3). However, there is great variability in monthly leaf production 
when precipitation is <300 mm (Fig. 1). One possible explanation for 
the relationship between leaf litterfall and precipitation being held 
constant is that higher leaf turnover rates in disturbed primary and 
secondary forests are offset by the higher amount of leaves found in 
undisturbed forests (Sirri et al., 2019). However, it is also possible that 
leaf-litter production remains one of the most resilient ecosystem pro-
cesses, rapidly recovering after either human or climatic disturbances. 
This would align with results from drought experiments in Amazonian 
forests, in which a significant decline in leaf-litter production was only 
observed after three to four years of rainfall exclusion (Brando et al., 
2008; Rowland et al., 2018), and it promptly returned to baseline levels 
as soon as rainfall was re-established. It is also consistent with results 
from experimental burns in forests in the southern Amazon, where litter 
production remained similar to that in unburned forests during the first 
two years after the fires (Balch et al., 2008). At the beginning of our 
study, in 2015, our secondary forests aged between 18 to over 25; and 
the last disturbance in primary forests occurred between 13 to over 30 
years ago; likely being enough time for leaf-litter production to reach the 
same levels as those observed in undisturbed forests. 

4.3. The leaf-fall phenology of EN-drought- and EN-fire-affected forests is 
insensitive to change 

Across the Amazon, leaf-litter production increases as precipitation 
decreases (Barlow et al., 2007; Lanuza et al., 2018). Trees likely use leaf 
abscission as a protection mechanism from drought when they are water 
stressed – i.e. the fewer leaves, the less amount of water is lost through 
transpiration (Smith et al., 2019; Wagner et al., 2017). We show that all 
pre-EN forest disturbance classes showed a similar response to rainfall 
(Fig. S2), with leaf-litter production increasing sharply around 200 mm 
of rainfall (Fig. 1). The similarity of responses across pre-EN disturbance 
classes is surprising (Fig. 2) – pioneers tend to have narrower hydraulic 
safety margins, and are more likely to suffer embolism and die during a 
drought (Santiago et al., 2018), suggesting that forests dominated by 
pioneers would show a different threshold of leaf-litter production to 
low rainfall. The fact they did not suggests that, at the stand-level, both 
undisturbed forests and disturbed primary and secondary forests may 
share similar responses to water stress. However, it could also mean that 
the forests in our region are all below the threshold at which present-day 
climatic variables have a big impact on key ecosystem processes (Sul-
livan et al., 2020). 

4.4. Uncertainties 

Despite our four years study, it remains unclear whether leaf-litter 
production returned to pre-El Niño levels. There are two key reasons 
for this. First, the recovery of litter fall is likely to be confounded by 
ongoing tree mortality – this is particularly evident in EN-fire-affected 
plots (e.g. Silva et al. 2018), but even EN-drought-affected plots may 
experience delayed mortality (Phillips et al., 2010). Second, our exper-
imental design – set up to assess forest disturbance classes without prior 
knowledge of the effects of the El Niño in our region – means we have 
only limited data on pre-El Niño conditions. While the data from April 
and May are comparable across years (Fig. S4), they are also from one of 
the wettest periods of the annual cycle, when forests are least likely to 
show effects in relation to rainfall (Fig. 2). There is also the question of 
whether the relationship between leaf litterfall with temperature and 
radiation would present the same patterns as that of precipitation – an 
issue that requires further investigation. 

Our research also does not explore the mechanisms underpinning 
post-El Niño leaf-litter production. The recovery of the litter cycling 

Fig. 4. Differences between monthly leaf litter and El Niño impact within each leaf-litter year. Each leaf-litter year period corresponds from June to May (see 
methods), thus 2015–16 encompasses the whole El Niño period. El Niño impacts include forests affected by both drought and fire, and those just affected by drought. 
Letters represent Tukey’s post-hoc test with Bonferroni adjustments. The same letter across El Niño impacts within each leaf-litter year indicate no significant 
difference in monthly leaf litter, while the different letters in 2016/17 represent a significant difference in monthly leaf litter between El Niño impacts in that 
particular year. 
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processes in burned forests could be an important and under-studied 
aspect of forest regeneration, helping replenish soil nutrients and part 
of the physical structure of the organic layer; albeit the litter chemical 
composition of burned and unburned forests may differ. However, the 
fast recovery of leaf-litter production in EN-fire-affected forests, when 
their canopy is still dominated by gaps created by high and long-lasting 
tree mortality (Barlow and Peres, 2008; Silva et al., 2018) can increase 
the vulnerability of these forests to further fire events. In a gappier 
forest, the microclimate is hotter and drier (Uhl and Kauffman, 1990), 
causing a more rapid desiccation of the leaf litter during the dry season. 
Previous studies have shown that a dry litter layer (i.e. <23% moisture) 
is the best predictor of forest susceptibility to fire (Ray et al., 2005). 
Another source of uncertainty regarding litter production and forest 
flammability is the predicted longer and more intense dry seasons across 
most of the Amazon Basin (Duffy et al., 2015). Our results suggest that 
all forests, regardless of disturbance, will experience a higher leaf-litter 
production in drier periods, resulting in greater availability of fine fuel. 
The combination of a drier climate and an abundance of fuel may in-
crease the risk of fire in Amazonian forests. 

5. Conclusion 

Tropical forests face the twin threats of local human disturbance 
events and climate change, including extreme climatic events (Barlow 
et al., 2018; França et al., 2020). Previous research has shown that some 
aspects of these ecosystems are very sensitive to changes, presenting a 
marked decline in aboveground carbon stocks and severe alterations in 
forest structure (Berenguer et al., 2014). We provide evidence suggest-
ing that leaf-litter production remains relatively insensitive to past 
anthropogenic changes, and there is no evidence that forest disturbance 
modifies responses to climatic stresses associated with El Niño events. 
The apparent resilience of litter production to drought is important as 
exceptional dry periods are becoming more frequent across the Amazon 
Basin (Duffy et al., 2015). Conversely, understory fires had a much 
greater effect on leaf-litter production, adding to a growing set of evi-
dence that suggests these fires are one of the greatest threats to the 
functioning of Amazonian forests. 
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is paper #88 of the Rede Amazônia Sustentável publication series. The 
datasets used in this paper are available at: https://figshare.com/article 
s/dataset/Leaf-litter_production_in_human-modified_Amazonian_forest 
s_following_the_El_Ni_o-mediated_drought_and_fires_of_2015_2016/ 
14770992. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.foreco.2021.119441. 

References 

Araujo-Murakami, A., Doughty, C.E., Metcalfe, D.B., Silva-Espejo, J.E., Arroyo, L., 
Heredia, J.P., Flores, M., Sibler, R., Mendizabal, L.M., Pardo-Toledo, E., Vega, M., 
Moreno, L., Rojas-Landivar, V.D., Halladay, K., Girardin, C.A.J., Killeen, T.J., 
Malhi, Y., 2014. The productivity, allocation and cycling of carbon in forests at the 
dry margin of the Amazon forest in Bolivia. Plant Ecol. Divers. 7, 55–69. https://doi. 
org/10.1080/17550874.2013.798364. 

Balch, J.K., Nepstad, D.C., Brando, P.M., Curran, L.M., Portela, O., de Carvalho, O., 
Lefebvre, P., 2008. Negative fire feedback in a transitional forest of southeastern 
Amazonia. Glob. Chang. Biol. 14, 2276–2287. https://doi.org/10.1111/j.1365- 
2486.2008.01655.x. 

Barlow, J., França, F., Gardner, T.A., Hicks, C.C., Lennox, G.D., Berenguer, E., 
Castello, L., Economo, E.P., Ferreira, J., Guénard, B., Gontijo Leal, C., Isaac, V., 
Lees, A.C., Parr, C.L., Wilson, S.K., Young, P.J., Graham, N.A.J., 2018. The future of 
hyperdiverse tropical ecosystems. Nature 559, 517–526. https://doi.org/10.1038/ 
s41586-018-0301-1. 

Barlow, J., Gardner, T.A., Ferreira, L.V., Peres, C.A., 2007. Litter fall and decomposition 
in primary, secondary and plantation forests in the Brazilian Amazon. For. Ecol. 
Manage. 247, 91–97. https://doi.org/10.1016/j.foreco.2007.04.017. 

Barlow, J., Peres, C., Lagan, B., Haugaasen, T., 2003. Large tree mortality and the decline 
of forest biomass following Amazonian wildfires. Ecol. Lett. 6, 6–8. 

Barlow, J., Peres, C.A., 2008. Fire-mediated dieback and compositional cascade in an 
Amazonian forest. Philos. Trans. R. Soc. Lond. B Biol. Sci. 363, 1787–1794. https:// 
doi.org/10.1098/rstb.2007.0013. 

Berenguer, E., Ferreira, J., Gardner, T.A., Aragão, L.E.O.C., De Camargo, P.B., Cerri, C.E., 
Durigan, M., De Oliveira, R.C., Vieira, I.C.G., Barlow, J., 2014. A large-scale field 
assessment of carbon stocks in human-modified tropical forests. Glob. Chang. Biol. 
20, 3713–3726. https://doi.org/10.1111/gcb.12627. 

Berenguer, E., Malhi, Y., Brando, P., Cardoso Nunes Cordeiro, A., Ferreira, J., França, F., 
Chesini Rossi, L., Maria Moraes de Seixas, M., Barlow, J., Cordeiro, A.C.N., 
Ferreira, J., França, F., Rossi, L., Seixas, M.M.M., Barlow, J., 2018. Tree growth and 
stem carbon accumulation in human-modified Amazonian Forests. Philos. Trans. R. 
Soc. B Biol. Sci. 373, 20170308 https://doi.org/10.1098/rstb.2017.0308. 

Brando, P.M., Nepstad, D.C., Davidson, E.A., Trumbore, S.E., Ray, D., Camargo, P., 2008. 
Drought effects on litterfall, wood production and belowground carbon cycling in an 
Amazon forest: results of a throughfall reduction experiment. Philos. Trans. R. Soc. B 
Biol. Sci. 363, 1839–1848. https://doi.org/10.1098/rstb.2007.0031. 

Brando, P.M., Oliveria-Santos, C., Rocha, W., Cury, R., Coe, M.T., 2016. Effects of 
experimental fuel additions on fire intensity and severity: unexpected carbon 
resilience of a neotropical forest. Glob. Chang. Biol. 1–9 https://doi.org/10.1111/ 
gcb.13172. 

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multi-Model Inference: A 
Practical Information-Theoretic Approach, second ed. Springer-Verlag, New York, 
NY, USA.  

Carreño-Rocabado, G., Peña-Claros, M., Bongers, F., Alarcón, A., Licona, J.C., Poorter, L., 
2012. Effects of disturbance intensity on species and functional diversity in a tropical 
forest. J. Ecol. 100, 1453–1463. https://doi.org/10.1111/j.1365-2745.2012.02015. 
x. 

Chavana-Bryant, C., Malhi, Y., Anastasiou, A., Enquist, B.J., Cosio, E.G., Keenan, T.F., 
Gerard, F.F., 2019. Leaf age effects on the spectral predictability of leaf traits in 
Amazonian canopy trees. Sci. Total Environ. 666, 1301–1315. https://doi.org/ 
10.1016/j.scitotenv.2019.01.379. 

Chave, J., Olivier, J., Bongers, F., Châtelet, P., Forget, P.M., Van Der Meer, P., 
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Nepstad, D.C., Balch, J.K., Malhi, Y., 2014. Ecosystem productivity and carbon 
cycling in intact and annually burnt forest at the dry southern limit of the Amazon 
rainforest (Mato Grosso, Brazil). Plant Ecol. Divers. 7, 25–40. https://doi.org/ 
10.1080/17550874.2013.798368. 

Rowland, L., da Costa, A.C.L., Oliveira, A.A.R., Almeida, S.S., Ferreira, L.V., Malhi, Y., 
Metcalfe, D.B., Mencuccini, M., Grace, J., Meir, P., 2018. Shock and stabilisation 
following long-term drought in tropical forest from 15 years of litterfall dynamics. 
J. Ecol. 106, 1673–1682. https://doi.org/10.1111/1365-2745.12931. 

Santiago, L.S., De Guzman, M.E., Baraloto, C., Vogenberg, J.E., Brodie, M., Hérault, B., 
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