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Mirror image molecules expose state of
rainforest stress
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Monoterpenes are key to plant communication and defence against biotic (e.g., herbivory) and abiotic
(e.g., heat, drought) stress. Chiralmonoterpenes, like alpha-pinene, exist asmirror imagepairs, known
as enantiomers. Enantiomers have the same atmospheric reactivity, but are produced and emitted by
different enzymes and internal leaf mechanisms. Abiotic stress can alter their relative emissions,
suggesting enantiomer ratios could indicate stress severity. Here we present (−)- and (+)-alpha-
pineneandmethyl salicylatemeasurements from theAmazon rainforest over time-of-day, season, and
the 2023-24 El Niño. Correlations between alpha-pinene enantiomers shiftedwith stress, aligningwith
weakening carbon dioxide uptake by vegetation and transition between de novo and storage
emissions. Low- and high-stress zones, along with a recovery zone, were defined through alpha-
pinene enantiomer correlations, revealing a metric for ecosystem stress. This chiral ratio reveals diel,
seasonal, ElNiño, andedgeeffect stresses, offering amethod togaugedrought severity due to climate
change.

The Amazon rainforest harbours over 50% of Earth’s tropical vegetation
and over 10% of Earth’s terrestrial biodiversity1,2. It is critical to global
carbon sequestration, storing up to 200 Pg of carbon3,4. However, recent
studies suggest it has become a net carbon emitter due to drought-induced
dieback, increased fire frequency, and deforestation3. Climate models pre-
dict more frequent and intense droughts in the region, while rising tem-
peratures are already being observed5–7. Understanding how the rainforest
biome uptakes and emits carbon under stress is, therefore, essential.

A key physiological process in plants is the emission of volatile organic
compounds (VOCs), with tropical rainforests contributing to 80% of global
VOC fluxes8. One important subset of VOCs is monoterpenes (C10H16),
emitted by vegetation as protection against biotic and abiotic stresses9–12.
Tropical vegetation emits monoterpenes through two known processes:
direct emission using freshly assimilated carbon following photosynthesis,
termeddenovo emission; and emission fromnon-specific aqueous and lipid
phase storage pools13. Some monoterpenes are chiral, existing in mirror
image pairs, (−) and (+), known as enantiomers. The most abundant
monoterpene in the ambient air of tropical rainforests is alpha-pinene, with

(−)-alpha-pinene usually dominating over (+)-alpha-pinene14–17. Recently,
experiments using isotopically labelled carbon dioxide (CO2) within an
enclosed rainforest biome revealed that (−)-alpha-pinene was partially
emitted de novo,whereas (+)-alpha-pinenewas solely emitted from storage
pools15.

Abiotic stress is caused by non-living factors such as non-optimal
temperatures, ozone, anddroughts. CentralAmazonia undergoes an annual
cycle ofwetanddry seasons,with the latterbringing increased temperatures,
elevated ozone, and reduced rainfall, leading to regular cycles of abiotic
stress. The El Niño Southern Oscillation (ENSO) affects the Amazon basin
by decreasing rainfall and soil moisture while increasing temperatures18,19.
Drought, ozone, andheat stress affectVOCemissions fromvegetation15,20–23,
but existing VOC-based stress metrics, such as methyl salicylate (MeSA)
and green leaf volatiles, such as hexanal, are limited by their susceptibility to
atmospheric oxidation and variability in emission strength from different
plant species and chemotypes21,24–28. Thus, there is no general established
method to translate such ambient VOC signals into the degree of stress
suffered by vegetation. Abiotic stress can alter the composition of
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monoterpene emissions fromvegetation in twoways. First, it can lead to the
breakdown of storage pools, releasing an increased fraction of (+)-alpha-
pinene15. Second, it can increase de novo emissions of specific mono-
terpenes, as some enzymesproduce greater yields ofmonoterpenes at higher
temperatures20. These increases in reactive VOC emissions can help plants
endure abiotic stress by protecting against damage from reactive oxygen
species, which destroy cell membranes and can ultimately lead to plant
death11,12,29. Therefore, in contrast to single VOC stress indicators, such as
MeSA and hexanal, the alpha-pinene chiral ratio offers greater utility and
range since it is abundant throughout all ecosystemsandmore closely linked
to the underlying emission mechanisms. Through comparisons of alpha-
pinene enantiomer ratios, we propose a new metric to assess the degree of
rainforest ecosystem stress that is uncoupled from atmospheric oxidation
and variability in emission strength, as enantiomers have identical oxidation
rates and alpha-pinene is ubiquitous in the rainforest atmosphere14.

Record-breaking temperatures and historically extreme drought were
experienced by the Amazon basin during 202318. Over two years from
January 2023 toOctober 2024, we sampled and quantified (-)-alpha-pinene,
(+ )-alpha-pinene, and MeSA abundances at 1.5-to-3-hour intervals with
sorbent tubes and off-line gas chromatography time-of-flight mass spec-
trometry. The sampling took place at 24m within the rainforest canopy at
the Amazon Tall Tower Observatory (ATTO) site, 150 km northeast of
Manaus, central Amazonia30. We captured different stages of the El Niño
cycle, before (January 2023), near the peak drought intensity (October
2023), near the end (April–May 2024) and after (October 2024) (Fig. 1a).
Furthermore, using our newly proposed metric-the (+)-alpha-pinene to
(−)-alpha-pinene ratio, hereafter referred to as the alpha-pinene chiral
ratio, we provide an alternative explanation for the reported surprising
change in chiral ratio observed as a function of height and season at the
320m ATTO tower in 2017 and 201814. Additionally, we demonstrate how
abiotic stress varies amongst different rainforest locations.

Results and discussion
Severe stress during October 2023
The 2023 El Niño dry season was markedly hotter and drier than ENSO-
neutral dry seasons18. In October 2023, canopy temperatures peaked at
37.5 °C, 2.5 °C warmer than in October 2024, while median relative
humidity dropped to 62%, 12% lower than in October 2024 (Fig. 1b, e)27.
Extreme drought conditions were also reflected in the soil moisture levels,
which fell to a median of 0.15m3m−3 in October 2023, lower than in other
periods (Fig. 1d)18. Increased vegetation stress was apparent during ENSO-
influenced October 2023, with ambient ozone concentrations reaching a
median of 26.6 ppb, 16.4 ppb higher than in October 2024 (Fig. 1g), despite
comparable photosynthetically active radiation (PAR) (Fig. 1c). These ele-
vated ozone levels are likely due to increasedwildfires in the region31.MeSA
levels peaked in October 2023 compared with much lower values in other
periods (Fig. 1f). Themedian isoprene abundancesmeasured at 80mon the
nearby tall tower during the two wet seasons (Jan 23 and Mar 24) were
comparable, although higher abundances were occasionally measured
during Mar 24, aligning with the MeSA measurements (Supplementary
Fig. 1). Timelines showing the daily maxima for 10 cm soil moisture, and
26m temperature and relative humidity from January to December 2024
are given in Supplementary Fig. 2. These observations underscore severe
ecosystem stress during October 2023, consistent with Amazon-wide con-
ditions during the 2023–24 El Niño18.

Chiral ratio varies with CO2 uptake
During January 2023, October 2023, April–May 2024, and October 2024,
atmospheric samples were collected every 1.5–3 h within the rainforest
canopy at 24m to investigate how (-)-alpha-pinene and (+)-alpha-pinene
covary throughout an El Niño drought event (Fig. 2a, b, c, d). Since these
enantiomers share identical oxidation rates, changes in chiral ratio reflected
variations in emission mechanisms14. This is because the alpha-pinene
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Fig. 1 | Development of El Niño–Southern Oscillation (ENSO) with its meteor-
ological characteristics and stress-related volatile emissions. aThe ENSO timeline
is shown as the Oceanic Niño Index (ONI), which represents the 3-month average
temperature anomaly in the oceanic surface waters. TheONI is shownwith the black
thick line while the sampling periods are indicated with the red shaded areas. Source:
National Oceanic and Atmospheric Administration61. b Air temperature measured
at 26 m within rainforest canopy. c Photosynthetically active radiation (PAR)
measured at 81 m above the rainforest canopy. d Soil moisture content at 10 cm
depth measured near to the 80 m walk-up measurement tower. e Relative humidity

measured at 26 m within the rainforest canopy close to the volatile organic com-
pound (VOC) sampling inlet. fMethyl salicylate (MeSA) abundance normalized to
the maximum measured value across all measurement periods, at 23 m within
rainforest canopy. g Ambient ozone mixing ratio measured at 24 m within the
rainforest canopy close to the VOC sampling inlet. The box plots give the median
and 25th and 75th percentiles, the squares show the mean, the whiskers show the
maximum and minimum acquired data points that are not considered outliers, and
the circles represent outliers.
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enantiomers partition differently between de novo and storage pool emis-
sions, which respond differently by abiotic stress15. Storage pool emissions
depend on the volatilization of compounds from lipid or aqueous phase
storage pools and subsequent diffusion, processes coupled to leaf
temperature32–34. In contrast, de novo emissions are driven by PAR, the
availability of freshly assimilated carbon, and the proximity of leaf tem-
perature to the optimum temperature for the enzymes involved in their
biosynthesis32–34. Consistent with previous studies in tropical ecosystems,
(-)-alpha-pinene was the dominant enantiomer14,15,17.

A surprisingly intense midday increase in chiral ratio occurred during
the El Niño-influenced October 2023 samples, coinciding with an overall
decline in (−)-alpha-pinenemixing ratios (Fig. 2b). This patternwas absent
in other sampling periods (Fig. 2e–h). A similar trend was observed for
ΔCO2 (Fig. 2f), while a midday decrease was observed for average stomatal
conductance (Supplementary Fig. 4), indicating that as stomatal con-
ductance decreased over midday, CO2 uptake and photosynthesis declined,
limiting carbon availability for de novo (-)-alpha-pinene production. This
decrease in (−)-alpha-pinene production resulted in the observed chiral
ratio increase, as storage pool (+)-alpha-pinene emissions are unaffected by
stomatal conductance and temporary declines in photosynthesis35. Notably,

a short lag was observed between the midday increase in ΔCO2 and the
chiral ratio in both October 2023 and April–May 2024 (Fig. 2f, g). This
suggests a temporal delay between stomatal closure and reduction in
(-)-alpha-pinene de novo emissions. This could be caused by reduced car-
bon assimilation freeing up reducing power which can be directed towards
the biosynthesis of monoterpenes, temporarily maintaining (-)-alpha-
pinene de novo emissions, as has been seen previously for isoprene36,37. This
pattern aligns with the behaviour of MeSA, a plant signalling compound
known to induce stomatal closure38, which peaked at 08:00 just before the
chiral ratio began rising at 09:30 as stomata closed (Supplementary Figs. 4,
5). SinceMeSA is relativelywater-soluble35, itsmiddaydecline is likelydue to
stomatal closure trapping it within the leaf’s aqueous phase (Supplementary
Fig. 5). The chiral ratio decreased in the afternoon, due to increased stomatal
conductance and photosynthesis, and increased transpiration, when tem-
peratures peaked.After sunset, CO2 uptake decreased, correspondingwith a
temporary spike in the chiral ratio, reflecting reduced de novo (−)-alpha-
pinene emissions as PAR diminished before equilibrium between
(−)-alpha-pinene and (+)-alpha-pinene was restored overnight. The chiral
ratio patternobservedhere represents a striking alteration in the ecosystem’s
photosynthetic strategy, distinct from other periods.

October 2024
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In January 2023 and October 2024, the relative increase in ΔCO2 over
midday was weaker than in October 2023, aligning with the small midday
rise in the alpha-pinene chiral ratio. This suggests that abiotic stress was less
severe in January 2023 and October 2024 than in October 2023, leading to
weakermidday stomatal closure of the surrounding vegetation (Fig. 2e, f, h).
Total alpha-pinene mixing ratios were lower in October 2023 than in
October 2024due tohigher ozone levels, and thus,OH, thereby reducing the
mixing ratios of both enantiomers through increased reactions in the
atmosphere (Fig. 1g).

The night-time alpha-pinene chiral ratio peaked at 05:00 during most
sampling periods, except in January 2023, when it peaked at 06:30. This
delay indicates that de novo emissions had a delayed start due to lower levels
of photosynthetically active radiation (PAR) and temperature (Fig. 2i).
Previous studies have shown that isoprene flux, a purely de novo emitted
compound by plants39, is reduced to zero during night-time hours in the
Amazon rainforest due to photosynthesis becoming inactive27,40. Therefore,
night-time peaks in the chiral ratio suggest storage pools were the dominant
emission source before PAR activated the de novo synthesis and tempera-
ture increased (Fig. 2i, j, k, l). Higher night-time chiral ratios were observed
in October 2023 and October 2024 compared to January 2023 and
April–May 2024, indicating greater volatilisation from storage pools due to
higher temperatures. As PAR rose, de novo emissions of (−)-alpha-pinene
increased, causing the chiral ratio to decline into the earlymorning across all
periods.

The highestmedianmixing ratios of (+)-alpha-pinene and (−)-alpha-
pinene unexpectedly occurred during ENSO-influenced April–May 2024
compared to January 2023(Fig. 2a, c). This clearly reflects elevated de novo
(−)-alpha-pinene emissions inApril–May 2024 compared to January 2023,
potentially due to post-stress adaption or new leaf growth41. Indeed, ozone
and (+)-alpha-pinene levels remained comparable between January 2023
and April–May 2024, ruling out atmospheric oxidation as a contributing
factor. Additionally, daytime chiral ratios during April–May 2024 were the
lowest across the ENSO cycle, further supporting the relative increase in de
novo emissions during this period. InApril–May2024, the chiral ratio again
reflected the pattern observed forΔCO2 (Fig. 2g.), with greater CO2 uptake,
potentially due to the flushing of new leaves with greater photosynthetic
capacity thanolder leaves during other sampling periods41–44. Thesefindings
highlight severe vegetation stress during October 2023 and recovery by
April–May and October 2024.

Chiral ratio indicates degree of stress
Plotting the mixing ratios of (+)-alpha-pinene against (−)-alpha-pinene
provides insights into shifts between storage pool emissions and de novo
emissions. During January 2023, the two enantiomers were strongly cor-
related (Fig. 3a), contrary to previous findings15,17. This period of low
ambient temperatures and high soil moisture (Fig. 1b, d) suggests minimal
abiotic stress. The low mixing ratios and tight correlation also indicated
optimal conditions for the biosphere andminimal abiotic stress; therefore, a

95% prediction band around the January 2023 data was defined as the “low
stress zone”.

In October 2023, the correlation weakened and shifted, with
(+)-alpha-pinene increasing relative to (−)-alpha-pinene due to higher
night-time storage emissions and midday weakening of CO2 uptake due to
stomatal closure (Fig. 3b). Some data points still fell within the low-stress
zone, indicating variable stress resistance amongst vegetation, or periods of
elevated de novo (−)-alpha-pinene emissions. A “high-stress zone” was
defined above the low stress zone, reflecting increased stress intensity.
Despite ongoing El Niño influence in April–May 2024, ambient tempera-
tures decreased, while soil moisture increased, indicating reduced stress-
consistent with lower MeSA and ozone (Fig. 1). As expected, most data fell
within the low stress zone (Fig. 3c). However, a subset fell below this range
due to increased de novo (−)-alpha-pinene emissions following earlier
drought stress, leading to the definition of a “recovery zone” requiring
further investigation. InOctober 2024,mostmeasurements remained in the
low stress zone, though a fewmeasurements exceeded this range, suggesting
moderate abiotic stress due to the characteristic warmth and dryness of the
dry season (Fig. 3d). Furthermore, by plotting the chiral ratios from each
sampling period against the measured 10 cm soil moisture, a threshold soil
moisture value of approximately 0.2m3m−3 was identified, belowwhich the
chiral ratios began to notably increase (Supplementary Fig. 6).

These findings demonstrate the utility of chiral ratios as indicators of
ecosystem response to abiotic stress, revealing stomatal closure and elevated
storage pool leakage. The angle between the gradients of high-stress data
points and the low-stress zone might serve as a useful metric for stress
severity. However, the low stress zone should be characterized for different
vegetation, especially fromdifferent ecosystemswhichmay have specialized
storage structures such as resin ducts or trichomes.

Stress from edge effect and soil type
Measurements taken from the 320mATTO tower showed a greater ratio of
alpha-pinene chiral ratio near the base compared to the top inOctober 2017,
a trendnot observed inMarch201814. This shift suggests changes in the local
ecosystem. Further measurements and analysis ruled out preferential oxi-
dation of one enantiomer over the other14. The authors initially attributed
this to other processes, occurring locally within the 40m fingerprinted area,
such as mechanical damage stress and insect-related emissions. With a
better understanding of how enantiomeric ratios respond to stress, we now
propose amore specific explanation: the local atmosphere around the tower
base was enriched in (+)-alpha-pinene due to greater abiotic stress on
vegetation near the edge of the 20m diameter clearing and path around the
tower. These areas are more exposed to characteristic edge effects like
increased radiation, wind, and drier conditions, compared to the interior
forest45–47. This effect wasmore pronounced inOctober 2017 during the dry
season,whilst inMarch 2018, during thewet season, stress levelswere lower.
Measurements in March 2018 at 80m were mostly in the low-stress zone,
with some brief periods of increased stress (Fig. 4a). In contrast,
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Fig. 3 | Branching of chiral ratio from low stress zone during October 2023,
associated with stomatal closure and enhanced emissions from storage pools
relative to de novo emissions. Correlations of (+)-alpha-pinene and (−)-alpha-
pinene across sampling periods with conceptual zones labelled for high stress, low
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measurements fromOctober 2017 at 40m largely fell within the high-stress
zone. Samples takenat 80mshowa slight shift inmeasurements towards the
low-stress zone as the influence from the local edge effect decreased, whilst
samples taken fromhigher on the tower at 320mweremixed between high-
and low-stress zones, suggesting the interior rainforest was suffering less
stress than the local vegetation on the edges, but some local convection
events may have transported air enriched in (+)-alpha-pinene to 320m.
These observations suggest that the edge effect around the ATTO tower
imposed greater abiotic stress on local vegetation than the conditions in
October 2023 did on the more sheltered, interior, canopy vegetation.

To test the chiral stress marker metric, in October 2024, drone-
collected samples were obtained from three locations with differing soil and
vegetation types to asses abiotic stress levels in other areas of the rainforest
(Fig. 4b.). The locations included: dense, non-flooded forest upon ancient
river terraces adjacent to the Uatumã river, shrubland/closed-canopy
vegetation on white sands (Campina), and dense, non-flooded upland
forest, near the 80m walk-up tower at the ATTO site22. Upland forest
samples and ancient river terrace forest samples alignedwithwithin-canopy
measurements from the 80m walk-up tower(Fig. 3d), straddling the
boundary of the low- and high-stress zones. In contrast, most white-sand
forestmeasurements fell within the high-stress zone, as expected, due to the
site’s highly permeable soil with low water-holding capacity, which
exacerbates vegetation stress during dry seasons22.

These findings suggest the alpha-pinene chiral ratio is a valuable new
indicator for assessing various types of ecosystem stress, including diurnal
fluctuations, seasonal changes, El Niño events, edge effect dynamics, and
soil-water availability. A schematic summarising the different investigated
effects on the alpha-pinene chiral ratio is provided in Fig. 5. This metric
provides a means to quantify plant responses to stress by serving as a proxy
for the ratio of storagepool todenovo emissions,which is independent from
atmospheric oxidation. Upon further development, instruments which
capture the online chiral emission ratiomay be deployable atmeasurements
sites and used to monitor the stress of vegetation48. Remarkably, emission
models do not currently incorporate stress-specificmechanisms, presenting
a critical gap in their capacity to predict emissions under varying climatic
conditions8,49. By integrating the chiral ratio as a stress-responsive factor,
emission models might be refined to account for stress-induced shifts,
improving their accuracy and utility for ecological and atmospheric
research. This approach represents a promising step toward amore process-
based BVOC emission model, which will be important for accurately
forecasting atmospheric composition responses to global change.

Methods
Sampling site
The325mAmazonTall TowerObservatory (ATTO) site is situated 150 km
northeast of Manaus, Brazil, and 120m above sea level within a dense terra
firme forest30. The nearby 80m walk-up tower (Instant UpRight, Dublin,
Ireland) is located at S 02◦ 08′ 38.6′′, W 58◦ 59′ 59.9′′. The canopy sur-
rounding the tower has a top height of approximately 35m and 417 tree
species have been identified in the surrounding area30. The region experi-
ences a distinct wet season from November to May, followed by a drier
period from June to October30. The site is characterised by typical Ama-
zonian flora, with hyperdominant species being abundant alongside a
generally diverse plant community50. Tropical species have been reported to
emit monoterpenes (MTs) as a function of temperature51, while also storing
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them in internal pools52. A footprint analysis of themeasurement tower can
be found elsewhere27.

Analysis of ambient air samples and determination of mixing
ratios from walk-up tower
From January 8–13 2023, October 1–14 2023, April 16–May 4 2024, and
October 9–23 2024, the ambient air fromaheight of 23meters in themiddle
of the rainforest canopy on the 80m walk-up tower was sampled onto
sorbent cartridges using custom-built automatic samplers14,53. An overview
of the sampling periods andmeteorological conditions are given in Table 1.
Samples were collected throughout a number of consecutive days every 3 h
or 1.5 h, depending on sorbent tube availability. Background levels of VOCs
were accounted for with sorbent tubes frequently placed into the automatic
sampler through which ambient air was not actively sampled. The median
peak area for eachVOC in the background samples was then calculated and
subtracted from the peak area of each VOC in the ambient samples. In the
few cases for MeSA when the background amount was greater than the
sampled amount, resulting in a negative value, the amount was set to 0. The
ambient air was sampled for 30minonto sorbent cartridges atflows ranging
between 40 and 200mlmin−1. Ozone scrubbers made by impregnating
quartz filters with a 10%w/w sodium thiosulphate solution were used at the
sampling inlets to remove ozone from the sampled air and were replaced
every day54. The inlet line was flushed for 30min prior to sampling to
remove the dead volume. The sorbent cartridges were made from inert
coated stainless steel (SilcoNert 2000 (SilcoTek™, Germany)) containing
150mg of Tenax®TA (BuchemBV,Apeldoorn, TheNetherlands) followed
by 150mg of Carbograph™ 5 TD (560 m2/g) (L.A.R.A s.r.l, Rome, Italy)
sorbent. The size of the Carbograph™ particles was in the range of 20-40
mesh. Prior to sampling, sorbent tubes were stored in an air-conditioned
container at room temperature before being transported to the laboratory,
stored in a freezer at −4 °C, and analysed within 3 months following the
sampling date.

Sample desorption was performed using a two-stage automated ther-
mal desorber (TD100-xr,MARKES International, U.K.), with helium 5.0 as
the carrier gas. Sorbent tubes were first purged for 5min prior to sampling
for each sampling period exceptOctober 2024, when the sorbent tubes were
purged for 10min with a flow of 50mlmin−1 to remove any excess water.
The sample was then desorbed at a temperature of 250 °C and a flow of
50mlmin−1 of helium for 5min, andwas pre-concentrated onto a cold trap
(materials emissions, MARKES International, U.K.) at 30 °C. The cold trap
was purged with carrier gas for 1min with a flow of 50mlmin−1 and then
rapidly heated to 250 °C. The samplewas removed from the cold trapwith a
flow of 3.2 ml min−1 and injected into the column. The separation of the
sampled compounds was achieved using a 60m β-DEX™ 120 column
(Sigma-AldrichChemieGmbH,Germany)with 0.25mm internal diameter
and a film thickness of 0.25 μm. The temperature program used was as
follows: 50 °C for 5min then 50 °C to 110 °C at 1.5 °Cmin−1 and 110 °C to
220 °C at 10 °Cmin−1. The column flow was set to 1.2 mlmin−1 and the
desorb split flow was 2mlmin−1. All sorbent tubes were desorbed in a
random order within each set of cartridges from each sampling period.
Samples takenat 12:30 and 23:00 duringOctober 2023were processedusing
the same thermal desorptionparameters as the rest of the samples except the
sorbent tube desorption temperature was set to 200 °C and the trap deso-
rption flow was 5.2mlmin−1 with a split flow 4mlmin−1. Peak separation
for these samples was achieved using a non-chiral 60m DB5-ms column
(Agilent Technologies, UK) with 0.25mm internal diameter and a film
thickness of 0.25 μm. The column flow was set to 1.2 ml min−1. The fol-
lowing temperature program was used: 50 °C to 150 °C at 4 °Cmin−1 and
150 °C to 200 °C at 8 °Cmin−1 and then held at the final temperature for
7min. The column flow was 1.2mlmin−1. This data was calibrated sepa-
rately from the chiral data. Therefore, total alpha-pinene was measured for
these samples instead of separate measurements for (−)-alpha-pinene and
(+)-alpha-pinene. The median amount of (−)-alpha-pinene and
(+)-alpha-pinene was calculated by taking themedian (+)-alpha-pinene at
11:00 and 14:00 and subtracting it from the total alpha-pinene measured atT
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12:30 to obtain the median mixing ratio of (−)-alpha-pinene. The same
procedure was performed for the samples at 23:00, with the median
(+)-alpha-pinene from the data at 20:00 and 02:00 being taken and sub-
tracted from the total alpha-pinene measured at 23:00. This was done to
validate the chiral method and to make sure that all the enantiomers were
accounted for and accurately quantified and the non-chiral data agreedwith
the diurnal trends of the chiral data when the enantiomers were summed
together. This was also done to search for other VOCs which might be
abundant at much smaller mixing ratios, such as diterpenes, which would
potentially appear in even lower amounts when separated into enantiomers
and maybe be below the limit of detection.

Detection was achieved using a time-of-flight mass spectrometer
(Bench TOF-Select, MARKES International, U.K.). A standard gas cali-
bration mixture (Apel-Riemer environmental Inc., USA; 2019) containing
(-)-alpha-pinene and (+)-alpha-pinene was used to identify and calibrate
the samples. Stepwise calibrations for (−)-alpha-pinene and (+)-alpha-
pinene were performed before and after analysing of a set of samples, with
single-point calibrations every~10samples to trackretention time shifts and
unexpected deviations in mass spectrometer sensitivity. The mass spec-
trometer sensitivity decrease was corrected by fitting a linear line between
the first and last calibrations. MeSA was identified by comparing the mass
spectra with the NIST library and also comparing the retention time with a
commercially available liquid standard. MeSAwas first calibrated using the
calibration for (−)-alpha-pinene and then back calibrated using the relative
response factor between (−)-alpha-pinene and MeSA. The workflow that
was followed for sampling and sample analysis is given as a flow chart in
Supplementary Fig. 7.

A detailed description of the sampling and analysis procedures for the
2017 and 2018 data is available in Zannoni et al., 202014.

The initial dates from January 8 to 13 2023 were chosen so that air
samples couldbe collected fromthe canopyof theAmazon rainforest during
the time of the Chemistry of the Atmosphere: Flight Experiment (CAFE)
Brazil flight campaign which took place in the skies above Brazil from
December 2022 – January 2023. Whilst we were in the Amazon rainforest
during January 2023, there were reports that a strong El Niño event would
likely hit the Amazon rainforest later in 2023. Therefore, the 2023–24 El
Niño represented the ideal opportunity to try to understand how extreme
abiotic stress conditions affect the alpha-pinene enantiomers in a pristine
rainforest to further the workwe had already undertaken in the Biosphere 2
tropical rainforest facility15. So, after January 8–13 2023 we tried to target as
best we could with the available predictions and logistical constraints, the
peak of the El Niño event (October 1–14 2023), the end of the El Niño event
(April 16–May 4, 2024), and after the El Niño event (October 9–23 2024).
We saw this as necessary so that we could capture an ElNiño influencedwet
and dry season, and a wet and dry season that were not influenced by an El
Niño, while also capturing enough time periods to characterize the El Niño
cycle from start to end.

Isoprene measurements at the tall tower
The isoprene measurements were conducted with a Proton Transfer
Reaction Time of Flight Mass Spectrometer (PTR-Tof-MS; Ionicon Ana-
lytik, Innsbruck, Austria)55. The instrument was setup in an air-conditioned
container at the base of the ATTO tower. Insulated and heated Teflon inlet
lines (3/8″OD) were leading from the container to 80m, 150m and 325m
height on the ATTO tower. Each height is measured for 5min. Each height
is therefore sampled every 15min for 5min. Raw time resolution was 20 s
but was subsequent averaged to one value for the respective 5-min period of
one height. The average value was calculated by neglecting the first minute
and last halfminute of the 5min period. This was done in order to eliminate
any influence of the previous or upcoming height level measurement. The
PTR-TOF-MS was operated with hydronium ions (H3O

+) at a pressure of
2.2mbar and an E/N of 120–130 Td. Mixing ratios of isoprene were
obtained via calibrations with a gravimetrically prepared VOC calibration
mixture (Apel-Riemer Environmental Inc., Colorado, USA) with an
uncertainty of ≤20%. Precision of the measurement was ≤5% and the limit

of detection ≤15ppt. Only the data from 80m was used for this study. For
comparisonwith the cartridge samples, the time periods were extracted and
used that were closest to the cartridge sampling time periods. These time
periods were January 1–31 2023, September 1–30 2023 and March
1–26 2024.

Drone measurements
Ambient air samples were collected using a homemade VOC-Sampler
developed by the Max Planck Institute for Biogeochemistry, based on
McKinney et al., and attached to an Unmanned Aerial Vehicle (UAV;
Matrice 300 RTK, DJI)56. Air samples were taken with sorbent tubes packed
with Tenax TA and Carbograph 5TD (Markes International, Inc.) for five
min, with a flow rate of 150 sccm. Samples were collected in three forest
types of theATTOsite and at three heights above the ground: for the upland
forest at 35, 50, and 100m; for the white-sand forest at 18, 50, and 100m;
and for the ancient river terrace forest at 30, 50, and 100m22. Thefirst height
corresponds to the mean canopy height of each forest type. The UAV
hovered for five min at each specified height while the VOC-sampler col-
lected air samples, ensuring that sampling was only active during the
hovering period. Blankswere also collected at each forest type to account for
potential artifacts, such as the passive diffusion of monoterpenes into the
sorbent tubes. For the blank samples, an uncapped sorbent tube was
installed in one of the four sampling channels on the UAV-VOC-Sampler
without sampling any air. Air sampling took place from October 8 to 17,
2024, with one flight conducted each day for each forest type between 12:00
and 13:30 local time (UTC-4). After collection, all tubes were capped with
Swagelok fittings and PTFE ferrules and stored in an air-conditioned lab
container.

Ozone and carbon dioxide measurements
CO2 and O3 concentrations were continuously monitored using a multi-
height profile system located on the 80m walk-up tower. The system
comprised eight sampling heights, ranging from 0.05m to 79m, each
equipped with a 3/8″ PTFE Teflon™ tube (Wolff Technik, Germany) and a
5 µm Teflon™ filter at the inlet. All tubes channelled air samples to a
temperature-controlled container at the base of the tower, where the CO2

and O3 analysers were housed. A custom-built valve system governed
sequential sampling from each inlet, consisting of a 3-way Teflon™ valve for
each inlet, a Teflon™membrane pump (KNF Neuberger, Germany), and a
bypass pump (KNF Neuberger, Germany). Positioned outside the con-
tainer, the Teflon™ pump drew air sequentially from each inlet, with valve
operation coordinated by a CR3000X data logger (Campbell Scientific,
USA). The data logger also managed the analysers and recorded measure-
ment data. To mitigate water vapour interference in O3 measurements and
ensure dry air mixing ratios for O3 and CO2, a Nafion™ tube dryer system
was installed. Additional 5 µm filters were placed before each analyser to
prevent detector contamination and drift, with all filters replaced biweekly
as part of routine maintenance. The system completed a full measurement
cycle across all heights every 16min for the first three cycles and 12min for
the final cycle, resulting in four complete cycles per hour. Sampling at each
height lasted 2min for the first three cycles and 1.5min for the fourth cycle.
The first minute of each measurement was discarded to eliminate artefacts
from valve switching, while the bypass pump continually flushed the
inactive sampling line in preparation for the next measurement.

For this study, data from the 24m inlet of the long-term reactive profile
measurement system were used, as this height was closest to the VOC
sampling inlet. Additionally, CO2 data from 0.5m were included for the
gradient calculations.

Ozonemeasurementswereperformedusing aTEI 49iCozonemonitor
(Thermo Fisher Scientific, USA), which operates via ultraviolet (UV)
absorption. The instrument has a detection limit of 1.0 ppb and a linearity of
±2 ppb. A 2BModel 306 ozone calibration source (2B Technologies, USA)
wasused forperiodic calibrations.Theaccuracyof the ozonemeasurements,
as specified by themanufacturer, is the greater of 2 ppbv or 2% of the ozone
concentration. Two-sigma precision is 0.5 ppbv in 1min.
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CO2 concentrations were measured with a LI-COR LI-7000 (LI-
COR Environmental, USA), a differential, non-dispersive infrared
(NDIR) gas analyser designed for high-precision quantification of CO2

in air samples. The analyser was calibrated regularly, with relevant
calibrations conducted on 7 October 2022 and 14 February 2023.
Calibration utilised certified standard gases (Saphir gas mixture,
Air Liquide, Germany) containing 340.9, 450.5, and 580.5 mol-ppm of
CO2, all with an uncertainty of ±1%. And for the zero-air calibration,
synthetic air was used, with CO2 <0.5 ppm. We determine the mea-
surement accuracy to be ±1%, with a two-sigma precision in 1minute
of 8 ppmv.

Stomatal conductance measurements
Measurements were performed on 12 trees from 12 species of angiosperm
(one tree/species) (Supplementary Table 1), 6 brevideciduous and 6 ever-
green trees, during the late dry season between 14th September and 21st
September 2023. These trees were located around the 80m walk-up tower
and details on leaf phenological types can be found elsewhere52. Given the
logistical challenges of studying tall tropical trees, often exceeding 20meters
in height, all measurements were performed on leaf samples collected from
cut branches immediately placed inwater. Thismethod provided a practical
solution for conducting gas exchange measurements without compromis-
ing leaf viability22,52,57–60. With the help of a tree climber, branches with at
least 2 cm diameter were collected from sun-exposed areas of the canopy to
avoid shade-adapted leaves. Senescent, young, or visibly damaged leaves
were excluded, ensuring that only physiologically active leaves were ana-
lysed. After collection, branches were immediately re-cut underwater to
prevent embolism, stored in water bottles for transport, and re-cut once
more under water at the field camp to restore xylem flow before measure-
ments. Leaves displaying reduced physiological activity were excluded from
analysis,minimizingpotential artifacts due tobranch excision. For each tree,
one visibly mature and healthy leaf of the branch was selected for
measurement.

The leaf gas exchange characteristics were measured using a LI-6800
portable gas exchange system (LiCor Inc., USA) with a hydrocarbon filter
(Restek Pure Chromatography, Restek Corporations, USA) installed at the
inlet of the gas analyser to remove contaminants from incoming ambient
air. All tubing in contact with the sampling air was PTFE and did not
exchange contaminants.

Each leaf was separately enclosed (for compound leaves we con-
sidered a leaflet as the equivalent of a simple leaf lamina) in the leaf
chamber with the following environmental conditions: photosynthetic
photon flux density (PPFD) of 1000mmolm−2 s−1, leaf temperature of
30 °C, flow rate of air going into the leaf chamber of 500mmol s−1, CO2

and H2O concentrations of 420mmolmol−1 and 21mmolmol−1, and
relative humidity of ~60%; beginning measurements after acclimating the
leaf to these conditions for at least 20min, until net assimilation (An),
stomatal conductance (gs) and internal CO2 concentration (Ci) reached a
stable, positive plateau. Gas exchange characteristics were measured at
different temperature conditions: 30.0, 35.0, 37.5, 40.0, 42.5, and 45.0 °C;
while fixing light (1000 μmolm−2 s−1), CO2 (420 ppm), and relative
humidity (~60%). System values were logged every 30 s for 5 min at each
step of the temperature curve. In total 2198 measurements were obtained,
with 1000 points from the local morning and 1198 points from the local
afternoon. Measurements were performed at varied temperatures across
time-of-day. All data was then sorted by time-of-day and a moving
median was performed on the data with a window size of 200. The
resulting data was then averaged to every 30min, and the 25th and 75th
percentiles were calculated for each 30min of data. This was done to
show the combined stomatal conductance trend across time-of-day for
all of the leaves that were measured during this time period.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data used to support the findings in this study are publicly available on
the ATTO data portal and can be accessed with the following DOIs: Alpha-
pinene and MeSA data January 2023: https://doi.org/10.17871/ATTO.511.
16.2161, Alpha-pinene and MeSA data October 2023: https://doi.org/10.
17871/ATTO.512.10.2162, Alpha-pinene andMeSA data April–May 2024:
https://doi.org/10.17871/ATTO.513.10.2163,Alpha-pinene andMeSAdata
October 2024: https://doi.org/10.17871/ATTO.514.9.2164, Isoprene data:
https://doi.org/10.17871/ATTO.557.8.2233. Temperature, Relative
humidity and Soil moisture data from 2022-2024: https://doi.org/10.17871/
ATTO.556.7.2213. Temperature, relative humidity, photosynthetically
active radiation, soil moisture, and ozone data during the VOC sampling
periods: https://doi.org/10.17871/ATTO.516.8.2158, CO2 data: https://doi.
org/10.17871/ATTO.518.10.2167, Stomatal conductance data: https://doi.
org/10.17871/ATTO.520.6.2143, Alpha-pinenemixing ratios collectedwith
drone around ATTO Site, covering three vegetation types (upland, white-
sand and ancient river terrace forests) at three different heights in October
2024: https://doi.org/10.17871/ATTO.522.8.2168. Dry and wet seasons
datasets of (−)-α-pinene and (+)-α pinene from 2017 and 2018 campaigns
are accessible at: https://doi.org/10.17871/atto.150.5.558, https://doi.org/10.
17871/atto.151.3.559, https://doi.org/10.17871/atto.139.4.561, https://doi.
org/10.17871/atto.143.5.560.
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