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Human-modified forests are an ever-increasing feature across the Amazon

Basin, but little is known about how stem growth is influenced by extreme cli-

matic events and the resulting wildfires. Here we assess for the first time the

impacts of human-driven disturbance in combination with El Niño–mediated

droughts and fires on tree growth and carbon accumulation. We found that

after 2.5 years of continuous measurements, there was no difference in stem

carbon accumulation between undisturbed and human-modified forests.

Furthermore, the extreme drought caused by the El Niño did not affect

carbon accumulation rates in surviving trees. In recently burned forests,

trees grew significantly more than in unburned ones, regardless of their his-

tory of previous human disturbance. Wood density was the only significant

factor that helped explain the difference in growth between trees in burned

and unburned forests, with low wood–density trees growing significantly

more in burned sites. Our results suggest stem carbon accumulation is resist-

ant to human disturbance and one-off extreme drought events, and it is

stimulated immediately after wildfires. However, these results should be

seen with caution—without accounting for carbon losses, recruitment and

longer-term changes in species composition, we cannot fully understand the

impacts of drought and fire in the carbon balance of human-modified forests.

This article is part of a discussion meeting issue ‘The impact of the 2015/

2016 El Nino on the terrestrial tropical carbon cycle: patterns, mechanisms

and implications’.
1. Introduction
The Amazon stores c. 86Pg of carbon [1], an amount equivalent to almost

10 years of combined global emissions from fossil fuels and the cement industry

[2]. This large carbon reservoir has historically been threatened by deforesta-

tion, with large NGO-led campaigns bringing the issue to the public and

pressuring governments for measures to effectively stop forest loss [3]. How-

ever, wildfires, i.e. fires that escape agricultural lands and invade forests,

have been an often neglected although significant threat to Amazonian forests,

substantially decreasing carbon stocks [4] and biodiversity [5,6]. In past
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decades, forest fires were directly linked to deforestation rates

[7]; however, this is not the case anymore—although defores-

tation in the Brazilian Amazon has remained somewhat

stable since 2009 [8], forest fires are increasing in number

[9]. This surge in wildfire occurrence is a consequence of a

combination of factors: greater frequency of extreme droughts

[10], the indirect impacts of deforestation that creates flam-

mable edges [11] and reduces regional rainfall [12], the

spread of selective logging that increases forest flammability

[13], and the prevalence of ignition sources used in Amazo-

nian agricultural systems [14]. As a result, wildfires have

become the new norm in the parts of the Amazon Basin

most affected by human disturbance, especially during

extreme dry years [15,16].

More frequent and more intense droughts are expected

across Amazonia in this century [17–19]. Extreme droughts

are known to double tree mortality rates in tropical rainfor-

ests, reverting them from carbon sinks to sources [20,21].

Drought-affected rainforest trees die either because they

cannot move water from their roots to their leaves, known

as hydraulic failure [22], or because they close their stomata

in order not to lose water but, as a consequence, do not

have enough sugars to keep their metabolism, a process

known as carbon starvation [23]. This increase in tree mor-

tality rates leads to more openings in the forest canopy,

turning drought-affected forests more flammable due to the

accumulation of fuel (i.e. branches and leaves) on the forest

floor and the higher incidence of sun and wind on the under-

storey [13]. When drought-affected tropical rainforests catch

fire, they experience even higher rates of tree mortality, some-

times close to 50% [24]. This large-scale mortality is then

followed by severe structural and compositional changes

[25] and significant reductions of their carbon stocks [4].

However, the influence of drought or wildfires on the

growth of the surviving trees remains poorly understood.

Results from drought experiments on undisturbed forests

showed that radial tree growth was negatively impacted

only after several years of continuous rainfall exclusion

[26,27]. This has been corroborated by results from field

monitoring, which showed that radial tree growth was not

affected by a one-off extreme drought [28]. When evaluating

the impacts of wildfires on tree growth, studies in Amazonia

have focused solely on re-sprouting dynamics (e.g. [29,30]),

and have not examined whether radial growth of the few

surviving trees is altered. The one exception is a study con-

ducted in the Amazon–savannah boundary [29], which

found that low-severity fires increased post-fire tree growth.

Notably, no studies to date have investigated the impacts of

either extreme droughts or wildfires on trees growing in

human-modified forests. For example, it is unclear whether

droughts and wildfires affect tree growth and carbon

accumulation in similar ways between undisturbed primary

forests and those that have been human modified, or whether

radial growth is inhibited in the years following drought and

wildfires. It seems therefore crucial that we develop a better

understanding of tree growth and stem carbon uptake in

these altered systems, given the high rates of human-driven

forest disturbance across the Amazon [30], the increasing

ubiquity of forest fires and the paucity of studies examining

the responses of surviving trees.

The 2015 El Niño event provided a valuable opportunity

to address these knowledge gaps. The region of Santarém, in

the Brazilian Amazon, was particularly affected by drought
during this El Niño [31] and millions of hectares of forests

burned. Prior to the El Niño, we had established 18 perma-

nent forest plots in the region, where we had been

measuring tree growth monthly in c.900 individuals. These

plots were distributed along a gradient of human disturb-

ance, from undisturbed primary forests, to logged primary

forests, logged-and-burned primary forests and secondary

forests (i.e. those regrowing on land previously cleared for

agriculture). All our plots were severely affected by the El

Niño drought, and some were also affected by the extensive

wildfires that affected the region [32]. We draw on this

unique dataset to investigate the responses of human-modified

forests to El Niño–mediated droughts and fires, asking four

questions: (i) How does tree growth and stem carbon accumu-

lation compare between forest disturbance classes? (ii) How

does stem growth and carbon accumulation in the El Niño–

affected dry season compare to those of the following years?

(iii) Is the post-El Niño growth and carbon accumulation of

trees affected by drought different from those affected by

both drought and fire? and (iv) What factors can influence

differences in growth and carbon accumulation between

trees located in drought-affected plots from those located in

plots affected by both drought and fire?
2. Material and methods
(a) Study area
The study was conducted in three municipalities of the eastern

part of the Amazon Basin: Santarém, Belterra and Mojuı́-dos-

Campos (hereafter Santarém region). The climate in the region

is hot and humid, with an annual average of 258C, 86% relative

humidity and 1920 mm of rain [33]. The region has a marked dry

season that usually lasts for four months, from August to

November, when precipitation is less than 100 mm per month

(electronic supplementary material, figure S1). Soils are rich in

clay, but nutrient poor [34]. Data were collected in 18 permanent

plots (250 � 10 m) distributed along a gradient of pre-El Niño

human disturbance: undisturbed forests (n ¼ 5), logged forests

(n ¼ 5), logged-and-burned forests (n ¼ 4) and secondary forests

(n ¼ 4). Plots were located in terra firme forests situated between

1.5 and 97 km apart (electronic supplementary material, figure

S2). In December 2015, seven of our study plots burned, includ-

ing three of previously undisturbed forests, four of previously

logged forests and one of previously logged-and-burned forest

(electronic supplementary material, table S1).

(b) Tree growth and stem carbon accumulation
In all plots, trees were measured and identified to species level in

2014. We then installed 50 dendrometer bands in each plot, stra-

tifying by tree size class: 10–19.9 cm diameter at breast height

(DBH, 1.3 m from the forest floor), 20–29.9 cm DBH, 30–

39.9 cm DBH, 40–49.9 cm DBH and �50 cm DBH. When a plot

did not have 10 trees in a given size class, we distributed the

remaining dendrometers evenly across the other size classes.

Between July 2015 and December 2017, tree growth was

measured monthly with digital callipers. In the case of a dend-

rometer been found damaged or a tree having suddenly died,

the band would be removed immediately and promptly

reinstalled. In the burned plots, the heat overstretched the

metal springs and all dendrometers were reinstalled within

four weeks of the fires. Monthly tree growth was converted

into stem carbon accumulation by using a biomass equation for

tropical trees [35] and assuming carbon content to represent

50% of biomass. The equation used takes into consideration the
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tree-measured growth, height and wood density. We allowed

negative growth values, even though these reflect water loss

from the bark and not a true decrease in tree size [36]. This

was because some of the positive growth values are due to

water accumulation in the bark, and the keeping of negative

values is, therefore, necessary to balance out the fluctuating

water content over the year [36].

(c) Factors influencing tree growth and carbon
accumulation

Based on the literature, we selected six factors that could possibly

influence post-fire tree growth and the consequent carbon

accumulation on the stem: DBH, height, wood density, fire inten-

sity and two measures reflecting the degree of competitive

release from fires—the change in liana load and the change in

basal area in the surrounding forest. The DBH and the height

of each tree were assessed during a re-census of all plots in

2016. Wood density was derived from the Global Wood Density

database [37], based on the species identification and filtering by

South American tropical regions. We measured the maximum

char height on all burned stems as a proxy for fire intensity.

Liana loads were determined during both the 2014 and the

2016 censuses. This is an estimate of how much of the crown

of a given tree is infested by liana leaves, ranging between 0,

1–25, 26–50, 51–75 and 76–100% [38]. Finally, the basal area

of live stems was calculated in a 10 � 10 m plot surrounding

each tree in both 2014 and 2016. Changes in both liana load

and surrounding basal area were calculated as the difference

between the 2014 and the 2016 values for each tree. We expected

that the high mortality of lianas [39] and trees [40] immediately

after wildfires would result in less competition for light and

water among the surviving trees, thus probably influencing

tree growth [41].

(d) Data analysis
To investigate whether there were any differences in radial

growth and stem carbon accumulation between trees of different

forest disturbance classes, we considered only individuals

that were continuously measured over a 2.5 year period from

July 2015 until December 2017 (n ¼ 385), therefore excluding

from this analysis all stems located in burned plots. We used

ANOVAs followed by post hoc Tukey tests to examine whether

there were any differences in the mean cumulative growth and

carbon between the forest disturbance classes. The tests were

run using both the absolute and normalized (growth/DBH)

growth of each stem. For each test, we calculated the eta-square

(h2), which is a measure of effect size and corresponds to the pro-

portion of the total variation in the data that can be attributed to

the explanatory variable.

We used a temporal comparison to assess the impacts of the El

Niño from this analysis induced extreme drought. For this, we

conducted two analyses. First, we compared the total dry-season

growth and carbon accumulation of trees measured continuously

during the 2015 El Niño from this analysis mediated drought

with the two following dry seasons, 2016 and 2017 (n ¼ 385).

We built generalized linear mixed-effects models (GLMM) to

assess whether dry-season growth and carbon accumulation

were influenced by forest disturbance, year or an interaction

between both. In these models, tree and plot identities were set

as random effects. Second, we investigated whether relative

growth and carbon accumulation rates were influenced by dry-

season intensity, measured by the climatological water deficit

(CWD). To calculate the relative growth and stem carbon accumu-

lation rates, we used the interval growth between months. CWD

was defined as precipitation in a given month (millimetres),

minus evapotranspiration (100 mm), minus the previous month
CWD; following [42]. Precipitation data were obtained from

CHIRPS [43]. We built two sets of GLMMs, using either the rela-

tive growth or carbon accumulation rates as response variables.

CWD was the explanatory variable in these models, while

random effects included tree identity, study plot and year.

To compare the annual growth and carbon accumulation of

trees located in drought-affected plots with those of trees located

in plots affected by both drought and fire, we used data of individ-

uals with continuous measurements throughout 2017 (n ¼ 545),

which was the only comparable period given that fires damaged

the dendrometers. We then ran three two-way ANOVAs: on the

first we used cumulative tree growth at the end of 2017 as the

response variable, on the second we used the normalized growth

(growth/DBH), while on the third we used the annual carbon

accumulation. All ANOVAs used pre-El Niño forest disturbance

class and fire (burned or unburned in 2015) as explanatory variables.

After each test, we calculated their eta-square (h2).

Finally, we used a matching approach commonly used in

landscape ecology (e.g. [44]) to investigate which factors predict

post-fire tree growth and carbon accumulation. The matching

approach linked individual trees in drought-and-fire–affected

forests with functionally comparable stems in drought-affected

forests. This was essential to answer our research question, as

fire potentially imposes a non-random mortality, killing more

small-stemmed and low wood–density trees [45]. As such, an

unmatched comparison would not be able to fully distinguish

differences in tree growth due to the newly altered functional

characteristics of a forest (for example, if only large stems sur-

vived) or due to post-fire changes in forest conditions that may

alter the growth of individual stems (e.g. decrease in liana infes-

tation due to fire-induced mortality). For trees to be matched,

they had to belong to the same pre-El Niño disturbance class

and the matched stem had to be within a 10% margin of both

the DBH and wood density of the burned forest stem. When

more than one tree in unburned forests met the matching criteria,

we favoured the one with the closest DBH to the tree in the burned

forest. This choice was based on the fact that DBH is quadratic in

the biomass equation used [35], as opposed to wood density,

which is only elevated to the power of one. In total, 128 trees

could be matched (i.e. 64 pairs).

After the matching, we ran linear models between the

matched trees in each disturbance class to examine if either the

growth or the carbon accumulation of trees in unburned forests

could predict that of trees in burned forests. For each pair, we

then calculated the difference in both total growth and carbon

accumulated by the end of 2017. We ran generalized linear

models to investigate which stem and forest structure factors

could be influencing these differences in radial growth and

stem carbon accumulation between matched trees. Models

included forest disturbance class, DBH, height, wood density,

char height, D liana load (i.e. 2016–2014) and D basal area of sur-

rounding live stems (i.e. 2016–2014) of the fire-affected tree as

explanatory variables. Prior to running the models, we checked

for collinearity between explanatory variables and none was

found (electronic supplementary material, figure S3). To facilitate

our understanding of the effect size of each explanatory variable,

they were all standardized between 0 and 1. All analyses were

performed in R v. 3.4.0 using the BBmisc, corrplot, MASS and

sjstats packages [46–49].
3. Results
(a) Tree growth and stem carbon accumulation across

human-modified forests
After 2.5 years of continuous measurements, thus focusing

only on trees located in unburned sites, the mean individual
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growth was significantly higher in trees located in secondary

forests (figure 1; electronic supplementary material, figure S4)

than when compared with trees in all other forest classes

(F3,381 ¼ 14.27, p , 0.001, h2 ¼ 0.10; Tukey tests involving sec-

ondary forests, all p , 0.001). However, there was no

significant difference in carbon accumulation between any

of the forest classes. The higher growth of trees in secondary

forests was consistent across DBH size classes (electronic sup-

plementary material, figure S5). These results were also

consistent whether using absolute or normalized tree growth.

(b) El Niño impacts on dry-season growth and carbon
accumulation

While dry-season growth was significantly higher in the post-

El Niño years (figure 2a; both p , 0.05); dry-season carbon

accumulation was not significantly influenced by the El

Niño–mediated drought (figure 2b). Regardless of the year,

trees in logged forests grew significantly less and accumu-

lated significantly less carbon (both p , 0.05). In trees

situated in undisturbed, logged and secondary forests (elec-

tronic supplementary material, figure S6), there was a weak

but significant relationship between growth rates during the

dry season and the climatological water deficit (all p ,

0.001)—the more negative the deficit, the lower the growth.

However, monthly carbon accumulation rates were only sig-

nificantly affected by CWD in logged and secondary forests

(electronic supplementary material, figure S7).

(c) Growth and stem carbon accumulation between
trees in burned and unburned forests

When analysing data from all surviving stems (n ¼ 545) in

forests affected by drought and those affected by drought

and fire during the 2015 El Niño, both growth and carbon

accumulation in the end of 2017 were significantly higher

in trees located in burned plots (F1,389 ¼ 41.64, h2
fire ¼ 0:09

and F1,389 ¼ 22.68 h2
fire ¼ 0:06, respectively; both p , 0.0001,

figure 3). This pattern was maintained regardless of tree size
or pre-El Niño forest disturbance class (electronic supplemen-

tary material, figure S8–S10). Results were consistent whether

using absolute or normalized tree growth.

(d) Factors influencing differences in tree growth and
stem carbon accumulation

When focusing only on the matched trees (n ¼ 128 trees,

64 pairs), neither the growth nor carbon accumulated in

trees located in forests that burned during the 2015 El Niño

could be predicted by their matched pairs in forests only

affected by drought (all R2 � 0.28, p . 0.05; electronic sup-

plementary material, figure S11). Of all the factors

examined with a generalized linear model to possibly explain

differences in growth and carbon accumulation between

matched trees, only wood density was significant ( p ¼ 0.05,

b ¼ 21.94; and p , 0.05, b ¼ 23.67, respectively). Wood

density had a negative relationship with the differences in

growth and carbon accumulation between burned and

unburned trees, thus the lighter the wood density, the greater

the increase in growth in stems in recently burned forests

(figure 4).
4. Discussion
Our novel results provide important insights into tree growth

and carbon accumulation in human-modified Amazonian

forests, and the interaction between forest disturbance and

extreme drought and fire events. Surprisingly, there was no

significant difference in overall carbon accumulation between

trees in undisturbed and human-modified forests. Further-

more, the extreme El Niño–mediated drought did not seem

to inhibit carbon accumulation in surviving trees. We were

also able to assess the impacts of wildfires on the few surviv-

ing trees and the factors affecting post-fire growth, something

never done before in humid tropical forests. We found that

trees situated in forests that burned during the 2015 El

Niño presented a significantly higher radial growth and
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stem carbon accumulation than trees in forests only affected

by drought, and that this difference was more pronounced

in lighter wood density stems. We discuss these results in

light of the increasing ubiquity of human-modified Amazo-

nian forests and of the increased frequency of drought and

fire events.
(a) The importance of human-modified forests for
carbon accumulation

Over a 2.5-year period of continuous monitoring, trees in

secondary forests grew significantly faster than those in

undisturbed and disturbed primary Amazonian forests, a

result that is consistent with others from elsewhere in the

Neotropics [50]. However, these higher levels of individual

growth did not lead to more carbon accumulation, with

trees in undisturbed, disturbed and secondary forests

accumulating comparable amounts of carbon. The apparent

discrepancy between the results of radial growth and stem

carbon accumulation can be explained by the dominance of

lower wood density species in secondary forests [51]. For
example, when we consider a 20-cm DBH and 15-m tall

stem of a low wood density species commonly found in sec-

ondary forests, Jacaranda copaia, a 2-cm growth results in an

increment of 0.66 kg of C. However, in a hyper-abundant pri-

mary forest species, Eschweilera coriacea [52], a stem of the

same size and height experiencing the same growth will

incorporate 1.57 kg of C, a difference of 236%. To achieve a

similar amount of carbon accumulation, this hypothetical

individual of Jacaranda copaia would have to grow 3.1 cm;

i.e. it would have to grow 1.6 times more than the Eschweilera
coriacea to accumulate the same amount of carbon. Therefore,

although trees in secondary forests are showing higher rates

of radial growth, this is compensated by their lower wood

density, resulting in similar levels of carbon accumulation

across all forest classes.
(b) Drought effects on tree growth and carbon
accumulation

The El Niño–mediated drought negatively affected tree

growth, but had no significant impact on overall stem
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carbon accumulation. This appears to indicate that low wood

density trees, i.e. those that contribute less to carbon accumu-

lation, were the most affected by the 2015 drought. In

Amazonian forests, low wood density tree species tend to

be less resistant to extreme droughts [20], as they present

high turgor loss points and high osmotic potential [53]. In

order words, when there is less water available, the leaves

of low wood density trees are more likely to wilt, impacting

photosynthesis [54] and, as a consequence, growth rates.

However, the effects of the El Niño–mediated drought

appeared to be transient, given that growth rates remained

uninhibited in the following dry seasons. Furthermore, the

weak relationships between climatological water deficit and

both dry-season growth and carbon accumulation rates

suggest that trees in both undisturbed and human-modified

forests are adapted to seasonal droughts. This result is to be

expected, as the distribution of Amazonian tree species fol-

lows a dry-tolerance pattern, which consists in more

drought-tolerant taxa occurring in the parts of the basin

that every year experience some months of little rainfall

[55], such as the Santarém region. It is important to note how-

ever, that the dry seasons of 2015 and 2017 were stronger

than those between 1970 and 1999—even in 1997, the

year of the strongest El Niño on record [56], the maximum

climatological water deficit in eastern Amazonia was

approximately 2200 mm [42], while in 2015 and 2017 it

was of 2368 mm and 2316 mm, respectively. So far, eastern

Amazonian trees seem resistant to the current drier climate,

continually accumulating carbon despite more intense dry

seasons than in the previous 30 years.
(c) Wildfire effects on tree growth and carbon
accumulation

Trees in burned forests both grew more and accumulated

more carbon than trees located in plots that only experienced

drought during the El Niño. This is a completely novel find-

ing from humid tropical rainforests. In other ecosystems, fire

effects on tree growth lead to conflicting results: while low-
intensity fires can increase tree growth in savannahs [57], it

can supress radial growth in temperate forests [58]. The

mechanisms behind these changes in growth rates remain

unclear. In our sites, changes in post-fire tree growth were

not explained by tree size, tree height, forest disturbance

class, or proxies of fire intensity and competitive release

(from lianas and other trees). Wood density was the only sig-

nificant factor explaining differences in tree growth and

carbon accumulation between stems located in burned plots

and those located in drought-affected plots, with lower

wood density trees in burned forests growing more than

their counterparts in unburned forests. Given that our

measures of competitive release were not important predictors

of differences in tree growth between burned and unburned

trees, it is unlikely that low wood–density trees experienced

an enhanced growth due to greater light or water availability.

Most probably, low wood density trees were benefitting from

the large pulse of nutrients released by the combustion of

organic matter. In general, low wood density trees have acqui-

sitive life strategies, heavily investing in rapid growth [59];

while high wood density tree species are more conservative,

with considerably slower growth rates [60]. The sudden

input of nutrients has probably led to a disproportional invest-

ment in growth by low wood density trees.

(d) Amazonian forests in the Anthropocene
Tropical ecosystems face growing pressure from a combi-

nation of both global and local stressors [61]. Across

Amazonia, a global stressor, climate change, is predicted to

increase the frequency of two local stressors—extreme

droughts and associated fires [9,17]. Other local stressors,

such as selective logging, newly created forest edges and

large infrastructure projects, are increasing the prevalence

of human-modified forests [62,63]. Understanding ecosys-

tem-level responses to these growing anthropogenic

pressures can help predict their consequences, and opens

up opportunities to mitigate their worst effects. Our study

shows the relative resilience of tree growth and subsequent

carbon accumulation to one-off droughts, and suggests that
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growth rates can even increase after wildfires. Still, stem

growth is just one part of a forest’s carbon balance: despite

the spike in stem carbon accumulation, the carbon balance in

burned forests is still largely negative—tree mortality follow-

ing fires is extremely high [24,64] and cannot be

compensated by the growth of the few surviving trees. Pre-

vious studies in Amazonia have shown that three years after

fires, forests can lose c. 50% of its individuals and

75 Mg C ha21. This can hardly be compensated by the remain-

ing trees accumulating an extra 1 kg C, and demonstrate the

importance of avoiding wildfires in humid tropical forests.
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